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Oxygen defect K,NiF,-type oxides La,_,Sr.CuO;_,4.; have been synthesized for a wide composition
range:0 < x =< [.34. From the X-ray and electron diffraction study three domains have been
characterized: orthorhombic compounds with La,CuO, structure for 0 < x < 0. 10, tetragonal oxides
similar to LaSrCuO, for 0.10 = x < | and several superstructures derived from the tetragonal cell (a =
R.Qasrcug, Withn = 3, 4, 4.5, 5, 6) for 1 < x = 1.34. The compounds corresponding to 0 < x < 1 differ
from the other oxides in that they are characterized by the presence of copper with two oxidation
states: +2 and +3. A model structure for Lay gSr; ;CurQ, , in which copper has only the + 2 oxidation
state, and for which the actual cell is tetragonal—a = 18.80, A and ¢ = 12.94 A—has been established.
The particular structural evolution of these compounds is discussed in terms of a competition between
the capability of Cu(Il) to be oxidized to Cu(III) and the ordering of oxygen vacancies.

Introduction

A lot of oxides, with the A;MO, formula,
characterized by the intergrowth of
perovskite- and sodium chloride-type
layers are known at the present time. Con-
trary to the perovskite oxides, no oxygen
defect has been observed for this structural
series to our knowledge. Copper, due to its
ability to take different coordinations
smaller than six, is a potential candidate
which could form such anion defect com-
pounds. However the only isostructural
copper compounds which have been syn-
_thesized, La,CuQ, (I, 2) and SrLaCuO, (3)
are stoichiometric. Nevertheless, the re-
cent results concerning the oxides
La,-+A14206-z1 (A = Ca, Sr) (4), whose

! Author to whom reprint requests should be ad-
dressed.
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structure is strongly related to that of °

Sr;Ti,0; (5) suggest the possibility of oxy-
gen defect for A;CuO, compounds. Thus,
the present work deals with the oxides
La, ,Sr,CuQy_,/+5, for which the replace-
ment of lanthanum by strontium leads to

the formation of oxygen vacancies, involv-’

ing order phenomena.

Experimental

For the synthesis of the compounds of
the system La,CuQ,~Sr,Cu0;, SrCO,, CuO
and La,O; were mixed according to the
following ratios: (2 — x)/2La,0,/x SrCO,/1
CuO. All these reactions were made in a
platinum crucible in air. The synthesis of
the compounds with high purity strongly
depends on the temperature for a fixed
pressure. The mixtures were thus first
heated for 5 hr at 900°C, and then at tem-

peratures ranging
12 hr.

The oxidation s
oxygen defect, wa:
the compounds by
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try using a Setarar
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Range x
1 0 0
0.08 0.0
11 0.25 0.0
0.33, 0.1
0.50 0.1
0.66, 0.0¢
- 0.88, 0.0¢
I 1.002 0.0
1.28° 0.0
1.340 0.0
1.20 0.0

2 The “a’’ parameters
composition are given in
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peratures ranging from 1000 to 1200°C for
12 hr.

The oxidation state of copper, i.e., the
oxygen defect, was determined by reducing
the compounds by hydrogen: the reduction
reactions were followed by thermogravime-
try using a Setaram microbalance.

The crystallographic data were estab-
lished by two complementary methods: X-
ray diffractometry using CuKa radiation

" with a Philips goniometer and electron dif-

fraction using an EM 200 Philips micro-
scope.

Results

Study of the System La2CuO4—Sr§Cu03 :
The Compounds La,_,Sr,Cu0,_.p,s

According to the methods previously de-
scribed, K,NiF,-type compounds corre-
sponding to the nominal composition
La, .Sr.Cu"O,_,, were synthesized in a
large composition range: 0 < x < 1.34. The
microthermogravimetric study of these ox-
ides under hydrogen showed, however,
that a part of Cu(Il) had been oxidized to

Cu(lll), leading to the formula
La, .Sr,CuO,._;.; with 0 < § < 0.12. For
X > 1.34 a mixture of the K,NiF,-type
phase and Sr,CuQ, (6) was observed.

The crystallographic data of different
compositions are summarized in Table I.
The study of the X-ray patterns showed a
continuous evolution of the structure and
allowed to characterize three composition
ranges which were studied by electron dif-
fraction.

(D 0=x<0.10. The Xray patterns
very similar to that of La,CuO, (/) were
indexed in an orthorhombic cell with:

a; = 2a, sin B/2 = ay,,cyo,
bl = Za, COSs B/" = bLﬂgC\IO"
€1 = CLa,cu0y -

where a, is the parameter of the perovskite
cubic cell, and 8 defines the monoclinic
distortion of the cell. .

From the conditions limiting possible
reflections—hki:h + k, I + h, k + | = 2n—
three space groups are possible: Fmmm,
Fmm?2, and F222.

TABLE 1
CRYSTALLOGRAPHIC DATA OF La,_.Sr.Cu0,_ ;.5 COMPOUNDS

[

Heating
a b c temperature

Range x ) Composition A) (A) A) o)
1 0 0 I.a,CﬁO. 5.366(2) 5.402(2) 13.149(4) 1100
0.08 0.030(1) La, 0:S19.66Cu0; g9 5.351(D) 5.368(2) 13.200(5) 1000

I 0.25 0.060(4) La, ;55r,.35Cu0; gg5 3.775(2) 13.247%(5) 1000
0.33, 0.119(4) La,‘..,‘Sro_u,CuO;.ss 3.776()) 13.250(2) 1100

0.50 0.100(4) La, Sry 5sCu0; 45 3.773(1) 13.204(3) 1160

066,  0.092(4)  La,x,Sroe6,CuO; 15, 3.775(1) 13.150(4) 1170

0.88, 0.088(4) La, ;38r0.6sCuOy 6, . 3.77(1) 13.073(5) 1170

I 1.00° 0.0 LaSrCu0; 5, 3.767(1) 13.002(3) 1200
1.28 0.0 Lo pSr; 2,Cu0; 46 3.761(2) 12.922(9) 1200

1.34¢ 0.0 Lag 65914 34Cu0; 45 3.759(3) 12.907(9) 1200

1.20 0.0 Lag 5451, 5Cu0, 40 18.803(7) 12.94K7) 1200

? The “a’’ parameters of these compounds (range III) are those of the tetragonal subcell; n values for every

composition are given in Table II.
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(I1)0.10 = x < 1. The symmetry is tetra-
gonal like that of LaSrCuQ, (3); the cell
parameters are related to the latter and to I
in the following manner:

— 2 __ ~
ay = a/2'? ~ Ay = Qrasrcuo,»
Cn~ ¢~ CLasSrcuo,+

The reflection conditions are those of
LaSrCuO,—hkl:h + k + 1 = 2n—involving
the space groups: 14/mmm, 14/m, 1422 and
12m.

N 1=sx=< 1.34. The X-ray diffracto-
grams are characterized by the existence of
a system of strong peaks, which was al-
ready observed for the compounds (II),
involving at least the existence of a tetra-
gonal subcell of the same type. However,
for all these patterns, weak peaks were
always observed which could not be in-

dexed in this cell. An electron diffraction

study was thus undertaken: about 50 crys-
tals were examined for each value of x
given in Table II. Several types of crystals
were isolated:

~—Small number of crystals, about 10%,
were characterized by a tetragonal cell sim-
ilar to that of LaSrCuQ,:

am ~ ayg ~ ap ~ ALasrcuoy»

Cmp == Cy = ¢ ~ CLasrcuo,-
—Most of the crystals, i.e., about 90%,
presented, in addition to the fundamental

reflections previously described, super-
structure reflections with a variable inten-

TABLE I1

n VALUES OBSERVED BY ELECTRON DIFFRACTION
FOR COMPOUNDS OF RANGE III

Composition x . n
LaSrCu0, 1.00 I; 4.5
La, Sr, ,,CuO, ,, 1.12 1;4.5;5
Lao.msruocuoa.qo 1.20 5
Lag 7Sr, 55Cu0, 44 1.28 1;4.6; 5, 53;5.4
Lag 6581, 3,Cu0, 4, 1.34 1;4;5,56, 6

sity. The electron diffraction patterns al-
lowed us to find the following relations for
the actual tetragonal cell for a composition
x:

aiy = nay ~ nay,

Ciiy = oy # ¢y = .

For a same composition X, several sorts of
superstructures were generally observed,
characterized either by integral n values (n
=4, 5, or 6) or nonintegral values of n (n
ranging from 4.5 to 5.6), as shown. for
several compositions in Table II. Figure 1
shows, as an example, the electron diffrac-
tion patterns of the (001) planes for
La,/3Sr,3Cu0; 5;. From Table II it can be
seen that a pure term, characterized by a
superstructure with an integral value of n (n
= 5), is only obtained for x = 1.20. It has
thus been attempted to elaborate a struc-
tural model for this phase.

A Structural Model Jor LaygSr, 2Cu0;

The actual cell of this compound is tetra-
gonal: a = 18.80, A and ¢ = 12944 (z =
50). The conditions -limiting  possible
reflections are the same as those of the
subcell (@ = 3.760, c = 12.94 &; Z = 2),
leading to the space groups I4/mmm,
14/m, 1422, and 142m. The intensity calcu-
lations were first made in the K;NiF, type
cell, with the most symmetric space group
14/mmm. For these  calculations,
reflections corresponding only to the
subcell were used. Copper atoms were
placed on 2(@), lanthanum and strontium
atoms were statistically distributed on 4e,
and oxygen atoms and anionic vacancies
were statistically distributed over two sorts
of sites 4e (O, and 4c (Og). After
refinement of the atomic parameters the
discrepancy factor could not be lowered
below R = 0.104. The possibility of an
order of the oxygen atoms and vacancies
over the O, and Oy sites was thus consid-
ered. The occupancy factors of both sites

G —

s —

Fic. 1. Electron dif
(d) 6.

were refined successi
neously and the besi
(Table IV) was obtair

TABI
L20.605r,.2005.40: ATOM Pc

Sites x y

;f } 4(e) 0 0
Cu a) 0 0
G, 4(e) 0 0
Oy 4(c) 0 0,5

7a=3.760 A;c = 12.94
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FiG. 1. Electron diffraction patterns of the (001) planes for Lay/3Sr,3Cu0y 5 (a) 1 = I (b) 4:(c) 5.6;

(d) 6.

were refined successively and then simulta-
neously and the best value of R = 0.081
(Table IV) was obtained for a total occupa-

TABLE III
La,.6,5r; 2005 400 ATOM POSITIONS IN THE SUBCELL?

B
Sites x ¥ z (Ay)
é‘f_‘} 4(e) 0 o 0.357 = 0.001  0.88
Cu 2(a) 0 o 0 0.85
08 4(e) 0 0 0.168 = 0.002  1.68
Oy 4(c) 0 05 0 ;425

Ca=3760A;c=12.94 4.

tion of the O, sites, while vacancies and
oxygen atoms were distributed over the Oy
sites. The location of the vacancies prefer-
entially on the Oy sites, at the same level as
the copper atoms, can be considered as
significant, on account of the relatively
weak scattering factor of oxygen. This is
confirmed by the high R value (R = 0.153)
obtained for a total occupation of the Oy
sites, vacancies and oxygen atoms being
distributed on the O sites. The first results
which are summarized in Table III show
the atoms are located in positions very
close to those usually observed in K,NiF,
type structures. The main difference with

sttt o g ik s Wb,
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TABLE IV

Lay¢Sr, ;Cu0;,: OBSERVED AND
CALCULATED INTENSITIES FOR ATOMIC
PosiTiONS OF TaBLE HI®

hk l Iob: Inlc
00 2 4.0 4.0
10 1 13.0 15.1
00 4 17.0 16.9
10 3 164.0 156.1
110 114.0 115.1
It 2 0.1 1.7
00 6 29.0 23.6
10 5 27.0 235
11 4 35.0 34.6
20 0 4.0 49.8
20 2 0.1 0.4
11 6] 26.0 25.2
211 39 - 3.8
10 7 12.0 1.1
20 4} 10.3 8.2
00 8 6.6 53
21 3 48.0 48.1
20 6} 15.8 18.1
21 5 8.1 9.4
11 8 9.0 7.5
109 0.1 1.7
22 0 9.0 12.4
222 0.1 0.1
0010 0.1 0.8
301 0.1 0.7
217 6.0 7.0
22 4} 33 3.0
20 8 7.6 6.9
jo 3 7.0 8.8

“ Subcell, space group I4/mmm; R =
0.081.

the ideal structure concerns the existence
of vacancies located in the same plane as
the copper atoms (Fig. 2). Moreover, the
high B value for oxygen of O sites (4.2 A?)
suggests that in this plane oxygen and va-
cancies were ordered.

Calculations in the actual cell in space
group 14/mm, were undertaken with 136
possible reflections, including superstruc-
ture reflections. Using the position and
distributions determined from the subcell,
the R factor increased to 0. 104, showing, of
course, a.weak contribution of the super-
structure reflections to the R value. The

NGUYEN ET AL.
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FiG. 2. Ideal drawing of the tetragonal K,NiF,-type
structure showing the localization of oxygen vacancies
for La, ¢Sr, ,CuQ,,. :

atomic parameters were then refined and
the R value was lowered to 0.07 for the final
atomic parameters given in Table V. From
this table it can be seen that copper atoms
are not significantly displaced from their
ideal positions, while the bigger cations La,
Sr, and the oxygen atoms are only slightly
displaced from their ideal positions, but
enough to produce the superstructure
reflections. These small displacements are
certainly induced by an order of the oxygen
vacancies, whose contribution to intensi-
ties is too small to be detected here. Thus,
on account of the numerous possibilities of
order between vacancies, and oxygen
atoms, and of the weak scattering power of

these atoms, we did not try any hypothesis -

of " distribution. Nevertheless, the very
likely ordering of vacancies in the ‘‘copper
plane,”” should also involve an ordering of
lanthanum and strontium over the different
sites. Refining the occupancy factors of La
and Sr, led to an R value of 0.064 which is
not very significant due to the weak contri-
bution of La and Sr to the superstructure
refiexions; a preferential occupation of the
different sites is, however, likely: Ay, Ay,
and A; would only be occupied by stron-
tium, while lanthanum would occupy 90%
of A; sites, the remaining strontium and
lanthanum atoms being located statistically
over the A, and A, sites.

1
LageSr, ,Su0;,: A1
ACl
Sites x
A,(de) 0 .
Aj(l6n) 0.194
As(16n) 0.403
A, (16m) 0.200
As(16m) 0.410
Ag(320) 0.389
A(2a) 0
_ Aql8i) 0.200
Aq(8i) 0.400
Ay(8h) 0.200
Ay(8h) 0.405
Au(16]) 0.403
Ap(de) 0
A (16n) 0.216
As(16n) 0.382
Ao(16m) 0.182
A, (16m) 0.400
A(320) 0.400
A,o(8) 0.100
Ay(8i) 0.300
As(dc) 0
An(160) 0.214
An(16D)° 0.430
Ay(160) -0.300
A5(160) 0.390
Ass(8) 0.200
An(8)) 0.400

“a= 18804 A; ¢ =
I /mmm).
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TABLE V

La, ¢Sr, 3SuQ; ,: ATOMIC PARAMETERS OF THE
ActuaL CELL®

B

Sites x y F4 A3
A,(de) 0 0 0.347 0.35
A (16n) 0.19%4 0 0.359 1.00
A,(16n) 0.403 0 0.356 0.39
A (16m) 0.200 0.200 0.357 0.32
As(16m) 0.410 0.410 0.358 1.00
A¢(320) 0.389 0.192 0.357 0.86
A;(20) 0 0 0 0.80
Aq8) 0.200 0 0 0.51
Ay(8) 0.400 0 (1] 0.43
A,o(8h) 0.200 0.200 0 0.31
A, (8h) 0.405 0.405 1] 1.00
Ag(l6D) 0.403 0.205 0 0.37
Ap(de) 0 0 0.168 1.00
Ay(16n) 0.216 0 0.168 1.00
A(l6n) - 0.382 0 0.168 1.00
Ag(16m) 0.182 0.182 0.172 1.00
A,(16m) 0.400 0.400 0.168 1.00
A5(320) 0.400 0.202 0.163 1.00
A (8 0.100 0 0 1.00
Aqol8i) 0.300 0 0 1.00
Aq,(40) 0 0.500 0 1.00
Apn(16D) 0.214 0.100 0 1.00
An(16) 0.430 0.100 0 1.00
Ay(l6d) 0.300 0.200 0 1.00
Agg(l6) 0.390 0.310 0 1.00
Ase(8)) 0.200 0.500 0 1.00
Ay,(8) 0.400 0.500 0 1.00

“a=18.804 A; ¢ = 12941 A (space group
1, /mmm).
Discussion

The stabilization, in this system, of
Cu(IIl) by only heating the oxides in air is
worthy of note. But the most important
characteristic of this system concemns the
existence of a Cu(III) composition range (0
< x < 1) which lies between two Cu(I)

- Tegions (x = 0 and x = 1), for structures

strongly related one to the other. This can
be explained by two opposite effects which
are competitive: the trend to preserve a
stoichiometric K,NiF, structure as for
La,CuO, and LaSrCuO, and the trend to
form a related defect structure but with an

ordering of the oxygen vacancies. Thus,
rather close to the stoichiometric com-
pound La,CuQ, (x < 1), the trend to stoi-
chiometry is favored and the vacancies
formed from the nominal compositions in-
volving only Cu(Il) are partly balanced by
the oxidation of Cu(II) to Cu IIl. For x = 1,
i.e., rather far from stoichiometry, the
La,CuO, or “‘LaSrCuQ,” stoichiometric
compounds cannot be stabilized any more
and orderings of the oxygen vacancies ap-
pear leading to different microphases as
observed from the electron diffraction
study, favoring Cu(II) with smaller coordi-
nations (2, 5).

Structure is not, of course, the only fac-
tor governing the relative stability of Cu(Il)
and Cu(IIl) in these oxides. Kinetics play
an important part for determining the ratio
Cu(III)/Cu(ID) in the richer Cu(III) oxides.
For 0 < x < 1, we have indeed noticed that
the pure compounds could only be synthe-
sized by heating at least 12 hr at the forma-
tion temperature (Table I) in order to en-
sure a good crystallization. Annealing the
same samples at the same temperature,
during longer periods (24 hr) allows us to
prepare pure phases with the same struc-
ture, but with greater amount of Cu(III).
The oxygen pressure will also influence the
Cu(lIl)/Cu(Il) ratios. Heating, for exam-
ple, some Cu(III) samples at low tempera-
ture under vacuum, involves a decrease of
Cu(Il) amount without destroying the
structure. In the same way, a reaction
under oxygen allows us to increase the
Cu(III) amount.

The influence of the Cu(III) amount can
also be detected by considering the struc-
tural evolution, especially the ¢ parameter,
of these compounds as a function of com-
position (Fig. 3). This evolution is rather
complex and quite different from that usu-
ally observed for single solid solutions. The
substitution of strontium for lanthanum,
should not affect this evolution, due to the
similar sizes of these cations. It seems
interesting to take the Cu(II) compounds as

CEEES RIS
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Fic. 3. Evolution of the *¢'* parameter as a function of x.

a reference (dotted lines). Although we
have only our compositions for comparison
it can be seen that from La,Cu"0, to
La, ;Sr, sCu0, 55, a continuous decrease of
a and ¢ parameters could be foreseen for all
Cu(Il) compounds, as x increases, in agree-
ment with the increase of oxygen vacan-
cies. This evolution is not linear, probably
due to ordering of the vacancies observed
for different compositions. What is worthy
of note is the large deviation from this law
observed for the only compounds contain-
ing Cu(III) (continuous line): the ¢ parame-
ter is greater than that obtained from the
“‘reference line’’ corresponding to the pres-
ence of Cu(Il) only, while the a parameter
is smaller. Moreover, the largest devia;
tions are observed for x = 0.33 which
corresponds to the maximum value of & (8
= 0.119), i.e., for the greatest amount of
Cu(III). It can thus be observed that the c/a

ratio increases with the Cu(II)/Cu(1I) ratio
in agreement with the observations previ-
ously made by Goodenough et al. (3). At-
tempts to modify the a and ¢ parameters for

= 0.16 and 0.5, were successful: heating
these compounds under vacuum at 500°C
led to a decrease of ¢ and a slight increase
of a, while a decrease of the Cu(III)/Cudl)
ratio was confirmed.

Condusion

The stabilization of a great number of
oxygen vacancies in the K,NiF,-type struc-
ture has been shown. It is easily explained
by the ability of copper to show square and
square-pyramidal ~coordinations. During
the synthesis in air, two phenomena are
competitive: the substitution of Cu*t for
Cu?*, and ordering of oxygen and vacancies

involving the existence of microphases.

The influence of the o:
formation of these str
tigated. The relations |
properties and the stn
will be studied.
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ABSTBACT

‘A uew oxygen defect perovskite BaLajCus0j3y g, characterized by a miwed
valeace of copper haz been isolsted ; the parsmeters of the tetragonal
cell are closely related to thatof the cublc perovskite:a = B.844(4) .

$
i

i
:

- S and ¢ = 3.867(3) X = a,. The X-ray diffraction .study shows
that the atoms aré displaced from their ideal positions in the cobic
cell, owing to the presence of ordered oxygen vacancies. The study of
condyctivity, magnetic susceptibility and thermoelectric power wversus
temperature sbows that this oxide is a very good metallic conductor.

ANTRODUCTION

. Oxygen defect perovskites, have been more extensively studied these
last years oving to their potential applications in ¢atalysia, electrocata<
lysis or as gauges (1-3). In this respect wixed valence copper oxides offer
8 wide field for investigation : severdl perovskites (4) or perovskite-rela-
ted structures have been isolated (5~6). These materials in which copper
takes several coordinations simultaneously and a valénce state intermediate
betveen II and 111 can intercalate large amounts of oxygen according to the
oxygen pressure and the tempersture. Their electron transport properties
ranging from semi-conductive to metallic (7) are closely correlated to the
amount of intercslated oxygen.

The present paper deals with a new oxygen defect perovskite
'M&}j‘he“, which is like La 01445 (8) a mixed valence copper oxide
but ghose behavior is quite différent.

ithesis

. Samples were prepared io platinum crucible and in air Erow appropriate
mixtures of dried oxides Lay03, Cub and carbonate BaCO03. The mixtures were
firvet heated a few hours at 300‘&:. ground and heated at” 1000°C during several
bours. They were then ground sgain, and mixed vwith an orpanic binder, cowr-
bregsed into bars and then slowly heated up to 1000°C. After 24 hours or
®ore at 1000°C, the bars were finslly quenched to room temperature, The use
of & binder was necessary to avoid that the compressed bars break before
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beating. In these conditions the compactoess of bars was of about 80 %. were
Chenical snalysis smal
. In order to determine the oxidation state of the transitiom metal ions, :::;
2 chemical enalysis were carried out by iodometric titration using KI and by gex posi |
ductich in & flow of 25 X hydrogen in argon up to -about 1000°C using = SETARAM space
;- wicrobalance for weight loss measurements. king
if Structural analysis ;ere
H . roR
i i The cell parameters were detemined from X-ray powder diffractogramms Fhk1
s - Tegistered with a Philips goniometer using Cu K, radiation. The space group angle
i% was determived by electron diffraction using & JEOL -120CX electron microscape. te et
Hagoetic and electrical measurements 1?‘::
- = ' ) 0
The magnetic susceptibility was measured on posders by the Paraday we- B
thod in the rsnge 80-300K ysing a Cahm RG microbslance. ‘ B(0)
. The conductivity was measured by the four points method on pintered bars, from
It was calculated by measuring the intensity/voltage ratic betwesn the points ties
in each current: eirculation direétion in order to minimise ‘the dissymetry ef- - (Tabl
fect between the contscts; The Seebeck coefficient was méasured on the same from
sinteréd bars hold bétween two Pt heads. ] :“ygg
Measurements were carried out up to 600K under sm helius pressure of i.gg.
200 mbars for T < 290K and in air for T > 290K in order to avoid possible de- veral
parture of oxygen,
’ RESULYS AND DISCUSSW
The scamning of the system Laj03-Ba0-CuD for the compositions correspon- Atonmi
ding to the moldr ratio (La + Ba)/Cu = 1 alléwed us to isolate a perovskite { thes
for La/Ba = 4. The X-ray diffraction pattern of this compounds presents be- —
&ides the intense lines which can hé indéxed in a cubic perovskite cell, extra '
lines which are rather weak., This. feature is confirmed by the electron dif-
fraction study, shich showa superstructure reflections, leading to & tetra- —_—
gomal cell whose parameters. are related to the cubic perovskite subcell (a ) i
aa follous : . cP }
a2, 3 c=a ¢
. all the lines. of tle X—fay diffraction pattérns can be then (
; indexed with accuracy in the tetragopal system with & = 8:644(4) £ and c = ¢
: 3.867(3) 4. o reflection conditions are observed. The analysis of the oxy- (
gen content leads to the formulation BalagCugD)3 4 iuvolving the presence ¢
sinultaneously of Cu({II) and Cu(IIT) in spite of the presence of numerous exy- <
gen vacancies (10.7 X). The messure of the density by pycnometry in benzepe ¢
at 25°¢c( = 7.05) confirms this composition for ome mole per cell (d.q. = —
7.03). Thus it appears that the oxide BaLagCull; oculIl, 13,4 1.6 _'egib_its
a great similarity vith the oxygen defect perovskite BaglasCulls yuTII, o 0.0 .
previcusly described. However, this compound is very difirem;sfm : . 3 In thi
33,‘19_’-‘30“6014&, from the point of view-of the oxygen intercslation t: no imter- rather
calstion or desintercalstion of oxygen has been observed by anmealing this pha~ ctiom
se at low temperature (400°C to 500%°C) and under different oxygen pressures up
to 1 bar contrary to BajlagCugOi4es- In the same way, no oxygen loss has bees L6 1
observed by TGA measurements for temperatures up to 650; 750 end 850°C and typ v
under oxygeén pressures of 0.02, 0.2 and 1 bar respectively. ty fro
y =4

Taking into account the fact that the fundamental lines are indexed in 8
cubic perovekite cell and are strong with respect to the superstructure lioes
: it was interesting to determine whether the metallic atows were displaced of tem.
from their ideal positions in the perovskite, or if the superstructure lines ’

e




i a the sime

setal ions,
1 and by go-
ag a SETARAN

ctogramns
pace group
wicroscope,

araday me-

intered bars,
the points
symetiy ef-

ssure of
ossible de-

S correspon-
erovskite
esents be—
cell, extra
. ctron dif~
0. & tetra-
beell (ap)

then

and ¢ =

of the oxy-
| resence

umerous oxy-

in benzene

11 (4 =
1.6. %?}gits
e T
oa

: mo inter-
fug this phe-
pressured up
" oss has bew’
50°C and

indexed ip 2
_ cture lines

displaced

ture limes

e e e it et e

et

vol. 20, No. 6 Bala,CuO,, , 569

were only due to the ordering of oxygen vacancies. However, owing to ‘the
smsll amount of oxygen vacanciés it was ot likely to determinme the distii-
potion of the oxygen atoms by X-ray powder diffraction. Thus the structural
stody was undertaken for the compoeition LagBaCugOis just to determine the
positions of the atoms with respect to the cubic perovskite gubcell. Eight
spaceé groups wete poseible, they weére reduced to three P4, P4 and P4/w ta~
king into account the anslogy with. the perovskite structure. Calculations.
vere carried ocut in the wost symmetrical space group P4/m. For a ranging
from O to 487, 37 peaks i.e. 84 hkl were registered. The disparity between
phkl and F bkl led us 'to introduce 139 bkl in the calculations. In the same.
angle r nge 13 diffraction peaks (14 hkl) were indexed in the tubic perovski=
te cell with a = 3,867 K, and used in a calculation with the atomsz in che
ideal positions of the cubic perovskite cell, involving only a refinement

of the thermal factors B ; this first refinement led to a dis r_epanicy,'factot_‘z
R « EJT obs -~ I cale|/L I obs. of 0.066 with B(La, Ba) = 1.2 X2, B{Cu) = 2.6A"
8{0) = 3.9 A2, The high B values let os think that the atoms were displaced
fron their ideal positions. £ caleulation caxried out with all the intessi-
ties in the P4/m space group and the samé idesl positions and overall B.= 1.X
{fable la), led to B = 0;35 in agreement with this polot of view. Starting.
frot these idedl positions, and assuming & statistical distvibution of the
axygen vacancies in the oxides BalagCug0y3 4, the R factor was lowered to
0.083, by refinciment of the atomic parameters, the B factor being fixe at

1 2. Prom the final atomic parameters (Table 1.b) it can be seen that se-
veral atoms gre displaced from their ideal positions in the cubic perovskite.

TABLE 1

Atomic Parsmeters of BalasCus0;3 4 (a) ideal positions (b) after refimement in
the space group P4/m ' ’

. (a) (v)

Atom’ Site X Y 2z X Y Z
Ba, lLa 1{d) 0.5 a.5 0.5 0.5 0.5 0:5
Ba, La 4(k) 0.1 0.3 0.5 0. 124(1) 0.277(1) 0.5
Ca 1(a) 0.0 0.0 0.0 0.0 0.0 0.0
Cu 43) o4 0.2 0.0 -0.415(3) 0.168(2) 0.0
] 1(b) 0.0 0.0 0.5 0.0 0.0 0.5
o 2(e) 0.0 0.5 0.0 0.0 0.5 0.0
0 4(3) 0.3 . 0.4 0.0 0.261(7) 0.384(8) 0.0
4] &(3) 0.2 0.1 0.0 0.229(8) 0.063(6) 0.0
o 4(x) 0.4 0.2 0.5 0.5

0.42B(10) 0.155(6)

i Further refinements, concerning the ordered distribution of oxygen
1o this structure, which is most probable, were not carried out due to the
ratgber low content of oxygen vacancies, and the too &mall number of refle-
ctions.

3 This oxide is a very good conductor : its conductivity is about
L6 107 (@ cm)~1 at Toon temperature. Figure | which vepresents'the resistivi-
¥ 0 versus temperaturé, shousthat this oxide exhibits a metallic Gonductivi~-
ty from 200 to 600K. The v value deduced from the equation p « pg{leyt)
r=4.1103c) g very close to that of free electrons (y = 3,7 10~3 ¢c-1y,

) The molar magnetic susceptibility is very weak and nearly isdependenc
of temperature. This suggests a Pauli paramagnetism which is characteris—
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Resistivicj plotted as a function of temperature

tic of delocalized carriers. "The Pauli susceptibility (8) calculated with
o®/m = 1 ardd for one carrier per Cu(IlI) Xy = 5.3 10‘5 e.m.u) is howevér one
order of magnitude lower than the experiméntal value X = 6 107Y e.miu. The
increasing of the Pauli susceptibility up to the experimental value needs
o%/m £ 10, This suggasts a. strongly Correlated carriers gas (degeperated
spin polaron gaz) which was: . introduced by ¥ott (9) to explain the magnetic
susceptibility of LaCu0j and LaNiOj which are merals (10). At toom Temperd-
ture, the Seebeck coefficient is also very weak and positive (o = 9 pvE 1)
and increases slightly with. tempersture (asoog = 18 WWK™H) (Fig. 2).. This

-
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FIG. 2

Evolution of the thermoelectric power as un function of absolute temperature.
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THERMAL BEHAVIOUR OF COMPOSITIONS TN 'T'HB SYSTEMS
R Ba‘rio3 + (1-%) Ba(LnO.SBO.S’°3

V.S, Chincholkax® and A.R. Vyawahare
Department of Chemistry, Institute of Science, Nagpux

ABSTRACT
The effect of temperacure on the dielectric constant (£),
tan 6 (loss tangent) and the ferroelectric propexties of
compositions in the systems x BaTi0, ¢ (1=x) Ba(Lno_sno_5103
0gx¢1, wn3* o a rare earth cation and Y3+, 85¢ = Ta,¥b,v) .
reveal that &n the Ta’* system at x = 0.8, the Ennx (£ at
Tc’ and Tc (the Curie-point) exhibit an increasing trend
with decreasing ionic radil of the Ina* ions, whereas in
the analogous Nbs0 system, an almost linear behaviour has
been observed. In the v°* systen, the pura phases (x = 0)
ax and Tc values with de-
creasing rare earth cation size. Phases with »x = 0.8, exhibit
a break at Na’* in € ax V3lues, in contrast to an increasing
trend in rc values with decreasing raxe earth cation size.
Similar behaviour is observed for the polarization data. The
increasing trend in the Te values in the diraection Tas‘-ﬂbs+-
vt at x = 0.8 is perhaps reminiscent of the nephelauxetic

exhibit increasing trend of “'m

effect.

The T, values for these first order transitions have been
confirmed by xecording DTA curves against inert u-Alzos, the
enthalpy change, héwevar, being appreciably low in the pre-

sent series.

INTRODUCTION
Recently emphasis has been placed on laser research and a
concantrated effort has brought new and improved materials
whi=§ ¢an be used as hosts for transition. An 1mpox€ant part
of this effort has been directed towards finding potential
laser materials having fluorescent enexrgy states with long
life times. In order to determine if symmetry conditions in

THERMAL ANOLYSIS . ICTA 80 . GIRKMACUSER VERLAC,BASEL,B0STON.STUTTGART
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crystals also affect the lifc time of rare earth ion fluores-
cence, a series of ordered perovskite compounds having the
general formula A(Ba-SB;_s)O3 were studied (1]-[7). However,
temperature effects and doping characteristics were not stu-
died. The present work concerns with the formation and the
thermal characteristics of compositions in the systems

x Ba'x'l.o3 + (1-Xx) B‘“‘"O.SBO.S)OS where 0& x$ 1, Lna’ & a rare
earth cation and Y, B5* = NbS*, Ta’* ana vS*.

EXPERIMENTAL PROCEDURE
The compositions were prepared by the solfd state reaction

of the parent compounds (carbonates, oxides) at high tempera-
ture as described clsewhere [B],(9]. Room tempexature X-ray
structure was determined using Debye-Scherrer camera (14 em
diameter) and nickel-filtered Cu-K, radiation. Temperature
effects on the dislectric constant (capacitance) and loss
tangent (tan §) were measured using a 716~C GR capacitance
bridge together with type 1340-B type audiocbeat frequency
.ganerator and 1231-B type u null detector and amplifier with
1221 Pg type variable filter in a sample holder designed in
this laboratory (10).

Modified [11] Sawyer-Tower type circuit was used to record
hysteresis loops as a function of temperature in the abova
sample holder and a MOM Derivatograph was uzed to racord DTA
curves against a~51203 36 reference.

RESULTS AND DISCUSSION
Tables 1-3 show the room temperxature £ values as also the
£max and the Curie~point (T,) values evaluated from the capa-
citance measurewmants for compositions in the various systens.
The temperature study e was restricted to x = 0.8 conpositions

in the Tas’, Nbs+

range in the v5° system which exhibited the transition in the
whole range of compositions. Table 4 shows these parameters

at X = 0 for compositions in the v3*

systems and over the entire composition

systenm. In all the gy~

1/90°d NMOLME0A OL SLrTee2Lol
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ires~ stams, an inereasing trend in £max as also T, is obsorved
e with decreasing rare earth cation size, and is perhaps remini-
rex, scent of the lanthanide contraction.
itu= Table 1
1Q . . Se
Emax' P, and T  values for compositions in the Ta” sgystem
rare® Composition €.50¢ P, Emax Te
lac/cm?) (<]
Ba(r.ao .‘Tao..,'l‘io 8)03 200 . 4.5 780 85
Ba(Ndo 1Tao.1Ti0.8,°3 250 6.0 850 S0
n Ba(Sm, ,Ta, ,Ti, 4]0, 342 8.1 1050 92
R~ Ba(Gd, Tay ,Tij, 510, 480 8.5 1120 96
‘ay Ba(Dy, ,Ta, ,Tiy 4105 530 8.9 1400 . 100
cm .
. 84(10.1':&0‘1'1‘;0_3!03 580 9.6 1830 110
3 Table 2
- g S+
e
’ f&ax’ P_ and T_ values for compositions in the systems Nb
th aa(Lao.leoJﬁo.s)os 232 S.3 s8o S0
in Ba(Nd‘L.‘m:au..l'I.‘:'.o_a)O3 260 6.2 900 100
Ba(s‘“o.1“”o.1“o.a’°3 290 8.4 1100 107
- Ba(Gdo.1Nb°_1‘1‘£°.a)03 380 9.2 1220 110
o Ba(byn.,‘bﬂ)o_11‘1.0_8)03 415 9.8 1350 11§
DTA Ba“'o.1“”o.1“'o.a’°3 530 10.2 1600 118
Table 2
X . 5+
£ ' P and T, values for compositions in the V'  system
Ba(Lao 1V°.1T1°.a)03 170 4.5 1100 93
apa~ Ba(lldo..“10.111‘:'.0_8)03 225 3.5 840 124
ems. Ba(Smo..lvo..l'riD.a)os 280 7.5 1130 130
tions Ba(Gdo. 1V°.1Ti°.8)03 350 8.2 1290 135
Ba(Dy, (Vo (Tiy )0 480 8.2 1600 135
tha Ba(¥y Vo Ty o103 530 12,2 2200 125

FEB 17 2085 14:28 » ‘ 301 595 9278 PAGE. Q7
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be more ionic

X = System at this the elec
Palla, ovo 510, 60 -- - R Wi1l be less
BamNa, (v, s)o, 20 7.8 260 154 justified by
Ba‘smO.sVo.s)os 30 10.9 500 Y68 these ions 7
aa(cdo.svb 510, 35 1.3 850 175 Jérgensen has
a(byg 5V 500, 25 12.5 1020 200 ::?f_:;f elec
2%y 50,570, 40 17.9 1250 3¢ tremates and
; on me
il Covalency of the B-0 bond is reportea [12) to increase ity cal bond becgy
{ﬁ f decreasing rare earth cation size ang may he responsible for - our results aj
iR

the adove occurrence. The behaviouz,
case of Nbs’ and non-linear in the ca
Table S shows the '.rf and AH va)

PP

howaver, 1s linear in
se of Ta%*, v,

ues as evaluated £rom the Fifth ionizati
DTA curves. for some reprcsentative samples. ]

Ion
Table 5
vi*
Se
Composition rf AY Nbs
- *
[*°c) [cal mole 11 Ta
Ba(!—ao..'l‘ao_.“rio.a)oa 8o 25
Ba(L‘o.1Nbo.1rio.a’°3 90 4s
Ba(La°_1V°_1T1°-a)03 95 65
) {1) F. Galassg
A glance at the A H values reveal dilution of the ag value Report OAS
of the 120°c transition of BaTi03 (46 cal/mole) 113) bg the [2) F. Galassc
addition of Ta®* phases, no change with addition of np>* 81 (1959)
phases and a substantial incxease with incexporation ot vS* 3 :; f?ngf°
phases. ) (4] F. Galasso
Another significant result of the present study is the obser- IS} F. Galasso
. . . : S« - -
vation of inc:g:cang Ic (Tg) values with decre;gansf sfadxx, [6) F. Galasso
keeping the Ln"" ion fixed, in the Sequence Ta™ -Np°T.y>?, (7) F. Galssso
Considering the energy level diagram of an octahedrally suz- (8) V.S. chinc
rounded metal ion with configuration (np) €, we expect Ta®* ¢o .

e

A T

’ 301 595 9279 PRGE. 28
FEB 17 2085 :4:28 NMOLYNOA DL SpTEEZE0L. YININGX3To-WED ¥4 SS:pT s@ee &1 434
81/80"



FRON : UﬂSHINGT?N BIBEIQ@RHPEIC SUC. .>PHONE NO. : 391 555 9279 Feb. 17 2085 B5:84PM P9

255

be morxe ionically bonded than Nbs‘ and VS’. AsS a result of
Se

at this the electron density in the czg-ozb;:al gf the Ta fon
will be less than that in the case of Nb” , V- . This is also
justified by considering the f£ifth ionization potential of
these fons T (Table 6) which also increases in this sequence.
Jfrgensen has concluded from the electron transfer spectra
that the electron affinity increases in the sequence Tas*-
Nb>*=v>* and from the reduced Racash paramatars of several
transition metal ions (nephelauxetic effect) that the chemi~

cal bond becomes more covalent in the sequence 54-4d-3d group.

h Our results are consistent with the obsexvations of J¢rgensen.
‘or
Table 6
Fifth ionization potential and electrean configuration of BS'
metal ions
Ion Electron configuration Is (eV)
¢S . 3523p‘ 65
Nbs’ ) 4924p6 52
T2>* 5s25p® 4s
—_— REFERENCES
{1) P. Galasso, United Aircraft Coxporation Laboratery,
e Report UAR-B10, Jan 1963

{2} £. Galasse, L. Katz, and R. Ward, J.Amer.Chem.Soc.
81 (1359) 820 '
+ {3] F. Galasso, J.R. Barrante, and L. Katz, J.Amer.Chenm.Soc.
83 (1961) 2830
(4] F. Galasgo, and W.J. Daxby, J.Phys.Chem. 66 (1962) 131
. {5) F. Galasso, and J. Pyle, J.FPhys.Chem. 67 (1963) 533
ati, {6) F. Galasso, and J. Pyle, J.Phys.Chem. 67 (19€3) 1561
(7) F. Galasso, and J. Pyle, Inorg.Chem. 2 (1963) 482
V.S. Chincholkar, J.Inorg.Nucl.Chem. 34 (1972) 2973
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PHYSICAL REVIEW B

VOLUME 38, NUMBER 10

1 OCTOBER 1988

Model family of high-temperature superconductors: Tl Can - 1Ba2Cu, 02 + 1)+ m
(m=1,2; n=1,2,3)

S. S. P. Parkin, V. Y. Lee, A. I. Nazzal, R. Savoy, T. C. Huang, G. Gorman, and R. Beyers

IBM Research Division, Almaden Research Center, 650 Harry Road,
San Jose, California 95120-6099
(Received 31 May 1988)

We describe the structures and superconducting properties of six compounds in the TI-Ca-Ba-
Cu-O system of the general form, TlaCaa—1Ba:Cu, 020 +1)+m, Where m==1 or 2 and n=1, 2, or
3. One of the compounds displays the highest known superconducting transition temperature,
T.=125 K. The structures of these compounds coasist of copper perovskitelike blocks containing
1, 2, or 3 CuQ; planes separated by one or two T1-O layers and thus form a model family of
structures in which both the size and separation of the copper oxide blocks can be independently
varied. The superconducting transition temperature increases with the number of CuO; planes in
the perovskitelike block for both the TI-O monolayer and bilayer compounds. For cach pair of
compounds (m=1,2) with the same number of CuO; planes (same n), the transition tempera-
tures are similar but are consistently 15-20 K lower in the materials with single TI-O layers.
Variations in the transition temperatures in the double and triple CuO;-layer compounds are ob-

served to correlate with increased densities of intergrowths of related structures.

Recently!™? several mew high-temperature supercon-
ductors have been synthesized in the T1-Ca-Ba-Cu-O sys-
tem, including T1;Ca;Ba;Cu3010 x, which displays the
highest superconducting transition temperature yet found,
T.=125 K.? In this article we present data on the struc-
tures and superconducting properties of six compounds of
the form T1,,Ca,—1Ba;Cu,O02(x+1)+m, Where m =1 or 2
and n=1, 2, or 3. The structures consist of copper
perovskitelike blocks containing 1, 2, or 3 CuO; planes
separated by one or two TI-O layers. These compounds
thus form a model family of structures in which both the
size and separation of the copper blocks can be indepen-
dently varied. We present data that establish that the su-
perconducting transition temperature increases with the
number of CuO; planes in the perovskitelike block for
both the T1-O monolayer and bilayer compounds. For
each pair of compounds (m =1, 2) with the same number
of CuO, planes (same n), the transition temperature is
15-20 K lower in the material with single T1-O layers.
Variations in the transition temperatures in the double
and triple CuO; layer compounds are observed to corre-
late with increased densities of intergrowths of related
structures.

The samples were prepared by thoroughly mixing suit-
able amounts of T1,03, CaO, BaO,, and CuO, and form-
ing a pellet of this mixture under pressure. The pellet was
thea wrapped in gold foil, sealed in a quartz tube contain-
ing slightly less than 1 atm of oxygen, and baked for ap-
proximately 3 h at ==880°C. A wide range of starting
compositions was studied. In most cases the resulting pel-
let was comprised of several phases. However, for certain
ranges of starting compositions, the pellets contained only
onc superconducting phase of the form Tl,Cas-Ba;x-
Cu,O02(: +1)+m together with minor amounts ( < =20%)
of insulating oxides such as those of Cu, Ca-Cu, Ba-Cy,
and Ti-Ba. The relative amounts of each phase depended
on the annealing time and temperature and the rate of

38

cooling from this temperature. In particular, for slow
cooling rates (=100°C/h) the composition of the major
Tl Can—1B22C0,02(: +1)+m Phasc more closely matched
that of the starting composition. The composition and mi-
crostructure of the pellets were determined from comple-
mentary powder x-ray diffraction, electron microprobe,.
electron diffraction, and high-resolution transmission elec-
tron microscopy (TEM) studies. The superconducting
properties of each pellet were examined by resistivity and
dc Meissner susceptibility studies. The latter was mea-
sured with a SHE SQUID magnetometer. Cooling in a
field of 100 Oe, the magnitude of the Meissner susceptibil-
ity at 5.5 K ranged from 10% to 35% of the susceptibility
of a perfect diamagnet of the same volume, neglecting
small demagnetizing corrections. The magnitude of the
diamagnetic shielding signal is very dependent on the dis-
tribution of the normal and superconducting phases within
the multiphase pellets and in most cases did not give use-
ful information. The susceptibility data revealed that for
some pellets the presence of a minority superconducting
phase resulted in the resistance of the pellet dropping to
zero at substantially higher temperatures than the T, of
the majority superconducting phase. This type of behav-
jor emphasizes the importance of determining the transi-
tion temperature from a flux exclusion measurement in
this complex quinary system. These results are summa-
rized in Table L

We have previously described the preparation and prop-
erties of the three members of the Tl,Cas—1BaCun-
O2(:+1)+m family, namely T1:Ca;Ba;Cu3Oi0 (2:2:2:3),°
T1,Ca;Ba;Cu20s (2:1:2:2),> and T1,Ca;BaxCu3Oy
(1:2:2:3),* which display superconducting transition tem-
peratures of 125, 108, and 110 K, respectively. By sys-
tematically varying the starting composition of the pellets,
the related compounds, T1:CagBa;Cu Ox (2:0:2:1),
T1,CagBa;CuO,  (1:0:2:1), and T1,Ca; B2;Cu;0x
(1:1:2:2) were synthesized. The unit cells for cach phase

6531 ©1988 The American Physical Society



PHYSICAL REVIEW B

VOLUME 38, NUMBER 10

1 OCTOBER 1988

Model family of high-temperature superconductors: Tl,,Ca,—1Ba;Cu,02¢: +1)+m
(m=1,2;n=1,2,3)

S. S. P. Parkin, V. Y. Lee, A. I. Nazzal, R. Savoy, T. C. Huang, G. Gorman, and R. Beyers
IBM Research Division, Almaden Research Center, 650 Harry Road,
San Jose, California 95120-6099
(Received 31 May 1988)

We describe the structures and superconducting properties of six compounds in the T1-Ca-Ba-
Cu-O system of the general form, TlaCaa~1B22CusO16x +1)+m, Where n2=1 or 2 and n=1, 2, or
3. One of the compounds displays the highest known superconducting transition temperature,
T.=125 K. The structures of these compounds consist of copper perovskitelike blocks containing
1, 2, or 3 CuO; planes separated by one or two TI-O layers and thus form a model family of
structures in which both the size and separation of the copper oxide blocks can be independently
varied. The superconducting transition temperature increases with the number of CuO; planes in
the perovskitelike block for both the TI-O monolayer and bilayer compounds. For each pair of
compounds (m=1,2) with the same number of CuO; planes (same n), the transition tempera-
tures are similar but are consistently 15-20 K lower in the materials with single TI-O layers.
Variations in the transition temperatures in the double and triple CuO;-layer compounds are ob-
served to correlate with increased densities of intergrowths of related structures.

Recently'~? several new high-temperature supercon-
ductors have been synthesized in the TI-Ca-Ba-Cu-O sys-
tem, including T1,Ca;BayCu;iOi0+ ., which displays the
highest superconducting transition temperature yet found,
T.=125 K.? In this article we present data on the struc-
tures and superconducting properties of six compounds of
the form Tl,,Ca,-;Ba;CusOs(z41)+m, Where m =1 or 2
and n=1, 2, or 3. The structures consist of copper
perovskitelike blocks containing 1, 2, or 3 CuO; planes
separated by one or two TI-O layers. These compounds
thus form a model family of structures in which both the
size and separation of the copper blocks can be indepen-
dently varied. We present data that establish that the su-
perconducting transition temperature increases with the
number of CuQO, planes in the perovskitelike block for
both the TI-O monolayer and bilayer compounds. For
each pair of compounds (m =1, 2) with the same number
of CuO, planes (same n), the transition temperature is
15-20 K lower in the material with single TI-O layers.
Variations in the transition temperatures in the double
and triple CuO; layer compounds are observed to corre-
late with increased densities of intergrowths of related
structures.

The samples were prepared by thoroughly mixing suit-
able amounts of T1,0,, CaO, BaO,, and CuO, and form-
ing a pellet of this mixture under pressure. The pellet was
then wrapped in gold foil, sealed in a quartz tube contain-
ing slightly less than 1 atm of oxygen, and baked for ap-
proximately 3 h at ==880°C. A wide range of starting
compositions was studied. In most cases the resulting pel-
let was comprised of several phases. However, for certain
ranges of starting compositions, the pellets contained only
one superconducting phase of the form Tl,Ca,—Ba,-
Cu,02(2+1)+m together with minor amounts ( < ==20%)
of insulating oxides such as those of Cu, Ca-Cu, Ba-Cu,
and TI-Ba. The relative amounts of each phase depended
on the annealing time and temperature and the rate of
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cooling from this temperature. In particular, for slow
cooling rates (=100°C/h) the composition of the major
TlmCap-1BazCu, 025 +1)+m phase more closely matched
that of the starting composition. The composition and mi-
crostructure of the pellets were determined from comple-
mentary powder x-ray diffraction, electron microprobe,
electron diffraction, and high-resolution transmission elec-
tron microscopy (TEM) studies. The superconducting
propertics of each pellet were examined by resistivity and
dc Meissner susceptibility studies. The latter was mea-
sured with a SHE SQUID magnetometer. Cooling in a
field of 100 Oe, the magnitude of the Meissner susceptibil-
ity at 5.5 K ranged from 10% to 35% of the susceptibility
of a perfect diamagnet of the same volume, neglecting
small demagnetizing corrections. The magnitude of the
diamagnetic shielding signal is very dependent on the dis-
tribution of the normal and superconducting phases within
the multiphase pellets and in most cases did not give use-
ful information. The susceptibility data revealed that for
some pellets the presence of a minority superconducting
phase resulted in the resistance of the pellet dropping to
zero at substantially higher temperatures than the 7. of
the majority superconducting phase. This type of behav-
ior emphasizes the importance of determining the transi-
tion temperature from a flux exclusion measurement in
this complex quinary system. These results are summa-
rized in Table I.

We have previously described the preparation and prop-
erties of the three members of the T1,Ca,-BaiCu,-
O2:41)+m family, namely T1,Ca;Ba;Cui00 (2:2:2:3),3
T1;Ca;Ba;Cuy0s  (2:1:2:2),) and T1;Ca;BayCu3Os
(1:2:2:3),* which display superconducting transition tem-
peratures of 125, 108, and 110 K, respectively. By sys-
tematically varying the starting composition of the pellets,
the related compounds, TI1,CagBa,Cu 0, (2:0:2:1),
T1CaoBa;Cu O,  (1:0:2:1), and TI1,Ca;BayCuyO,
(1:1:2:2) were synthesized. The unit cells for each phase
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TABLE I. Summary of properties of TlwCas—1Ba;Cu,0,
Conc. Relative composition Lattice parameters Superlattice
ratio Tl Ca Ba Cu o Symmetry a A) c A) wave vector (k) T. (K)
T1Caa-1Ba;Cu,O;
1:0:2:1 1.2 0.0 2 0.7 4.8 P4/mmm 3.869(2) 9.694(9) a b
1:1:2:2 11 0.9 2 21 7.1 P4/mmm 3.8505(7) 12.728(2) 0.29,0,0.5) 65-85
1:2:2:3 1.1 0.8 2 3.0 9.7 P4/mmm 3.8429(6) 15.871(3) (0.29,0,0.5) 100-110
T12Ca,~1Ba;CusOx —_
2:0:2:1 19 0.0 2 1.1 6.4 F/mmm® a=5445(2) 23.172(6) {0.08,0.24,1)° b
b=5.492(1) _
2:0:2:14 1.8 0 2 1.1 6.4 F/mmm* a=5.4634(3) 23.161(1) {0.08,0.24,1)¢ 20
b~a
2:0:2:1 1.8 0.02 2 1.1 6.3 14/mmm 3.8587(4) 23.152(2) (0.16,0.08,1)° 15-20
2:1:2:2 L7 0.9 2 2.3 8.1 I14/mmm 3.857(1) 29.39(1) 0.17,0,1) 95-108
2:2:2:3 1.6 1.8 2 kR | 10.1 I14/mmm 3.822(4) 36.26(3) {0.17,0,1> 118-125

*No superlattice spots observed.

*Nonmetallic or weakly metallic samples with no superconducting transition observed in resistivity and magnetic susceptibility studies

for temperatures down to 4.2 K.

°The symmetry of the structure is orthorhombic if the observed superlattice is ignored. Taking the superlattice into account lowers

the symmetry to monoclinic.
Sample prepared from a Cu-rich starting composition, T1;Ba;Cu;.

“The superstructure is identical to that for the orthorhombic 2:0:2:1 polymorph.

were determined from powder x-ray diffraction patterns
extending from 28=3° to 70° and verified by electron
diffraction studies. These studies showed that all of the
TinCa,-1Ba2Cuy02(:4+1)+m compounds have tetragonal
cells at room temperature. The T1;Ca,-;Ba;Cu,O2,+3
compounds contain T1-O monolayers, resulting in prima-
tive tetragonal cells, whereas the T1,Ca,—BazCu,Osn+4
compounds contain TI-O bilayers, resulting in body-
centered tetragonal cells. The lattice parameters and
symmetries of the various structures are included in Table
L. As discussed later, the 2:0:2:1 compound also has an
orthorhombic polymorph. As shown in Fig. 1, each oxide
has a single peak in the Iow-angle portion
(3° = 20 10°) of its x-ray diffraction pattern which re-
sults from- the large c/a ratio in each structure. These
peaks, (001) for m=1 and (002) for m =2, serve as
fingerprints with which each of the compounds within the

T1,Ca,1B2,Cu,0,  Ti,Ca, ,B2,Cu,0,

A n=2

___/

v

4 6 8 10 4 6 8 10
260 (deg) 28 {deg)

FIG. 1. Low-angle section of the powder x-ray diffraction
ﬁttems for)the six phases TlnCau-1Ba2CunsO2(n+1)4m (Mm=1,
sn=1,2 3).

Intensity
i
( ~N

n=3

TlmCan-1BayCu,02(4+1)+m family can be uniquely
identified. The peak systematically shifts to lower angles
as n increases within both the T1,Ca, - ;Ba;Cu,0,,+3 and
T1xCa,-1BayCu,0s, 44 families, consistent with an ex-
pansion of the unit cell along the ¢ axis by the addition of
extra CuO; and Ca planes. The peaks are in all cases at
lower angles in the Tl,Ca,-Ba;Cu,O2+4 compounds
compared to the corresponding T1,Ca,-1Ba;Cu, 0,43
compound, consistent with the increased number of T1-O
layers in the TI,Ca,-—Ba;Cu,0O3,+4 compounds. The
peaks are asymmetrically broadened to low angles be-
cause of geometrical aberrations in the focusing condition
resulting from the flat specimens used.® The arrangement
of the cations in the various compounds is shown in Fig. 2.
The positions of the oxygen atoms are inferred by compar-
ison wjth related structures in the La;—,Sr,CuQOs,
YBa,Cu30,, and Bi,SroCa;Cu,O, families.®!! The six
structures are comprised of Cu perovskitelike blocks con-
taining one, two, or three CuQ, planes sandwiched be-
tween TI-O monolayers (1:0:2:1, 1:1:2:2, and 1:2:2:3 com-
pounds) or bilayers (2:0:2:1, 2:1:2:2, 2:2:2:3 compounds).
The Ba cations are located in planes adjacent to the T1-O
unit and the Ca cations form planes within the interior of
the Cu perovskitelike unit.

Since the preparation, structure, and properties of the
double and triple CuO; layer oxides appear to be much
less complex than those of the single CuO; layer oxides
for both the monolayer and bilayer T1-O compounds, we
will discuss these groups of compounds separately. As de-
scribed earlier, for each of the n =2 and » =3 compounds
a single tetragonal structure was found. An important
structural feature of these compounds observed by TEM,
scanning electron microscopy (SEM), and electron mi-
croprobe studies are intergrowths of structures related to
the primary phase by the addition or removal of CuO; or
T1-O layers. For some samples SEM images showed con-
trast striations =5-10 gm in width within individual
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TloCan-1Baz Cun O2n44

n=1 n=2 n=3
FIG. 2. Nominal structures of the six TlyCas—1BasCu,-
O2(+1)+m phases for n=1,2and m=1, 2, 3.

grains which result from intergrowths of regions with
different proportions of heavy atoms. TEM studies re-
vealed the existence of intergrowths on much finer length
scales, as demonstrated in Fig. 3 for a sample prepared
from a starting composition of TlgssCa;Ba,Cu,. Figure
3(a) shows a selected area diffraction pattern along b*
which indicates that this grain contains both 1:1:2:2 and
1:2:2:3 phases. Indeed Meissner data on this sample [in-
cluded in Fig 4(d)] indicate two superconducting transi-
tions with 7. =65 and =105 K, consistent with the pres-
ence of extended regions of two distinct phases. Coin-
cidently, the ¢ lattice parameters of the 1:1:2:2 and 1:2:2:3
phases are almost exactly in the ration of 4/5 so that every
fifth 1:2:2:3 A0/ spot coincides with every fourth 1:1:2:2
k0! spot in Figure 3(a). High-resolution TEM micro-
graphs in Figs. 3(b) and 3(c) show intergrowths of the

S POoce@9o .
L X o 2 2 2R 2 IR

*

v
v
>
-
-
»
»
»

FIG. 3. (a) [010)] sclected area diffraction (SAD) pattern
and (b) corresponding image of crystallites containing regions of
1:2:2:3 and 1:1:2:2. The arrows in (b) denote unit-cell thick in-
tergrowths of 1:1:2:2 in 1:2:2;3. (c) High-resolution transmis-
sion electron micrograph of one unit-cell thick 1:1:2:2 inter-
growth in 1:2:2:3.
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FIG. 4. Meissner susceptibility vs temperature for an applied
field of 100 Oe for materials with starting cation composition,
(a) TIBa;Cu: (@), T1;CaoosBa;Cujos (0,+), and T1,Caq15~
BayCuzys (¥); (b) T1,CasBa;Cus (@), T1;Ca;Ba;Cu; (0), and
Tl225Ca;BaxCu; (®); (c) T1;Ca;Ba;Cu; (@), T1;Ca, sBa;Cu; (0),
and T1,Ca;3Ba,Cu; (@); (d) TlossCa;BaxCu; (0), T1,Ca;Ba;Cuz
(@, +), and Tlp2sCasBa:Cu; (¥). The phases present in the pel-
let giving rise to the diamagnetic susceptibility are (a) 2:0:2:1
and 2:1:2:2, (b) 2:1:2:2, (c) 2:2:2:3, and (d) 1:1:2:2 and 1:2:2:3.

1:1:2:2 and 1:2:2:3 phases on length scales extending from
=1um down to one unit cell. The intergrowths are ran-
domly distributed along the stacking axis. Isolated inter-
growths comprising four CuQO; planes were found in some
samples (see Fig. 5) but no evidence was found for ex-
tended intergrowths comprising greater than three CuQ,
layers in these or other samples especially prepared from
Cu- and Ca-rich starting compositions. A second type of
intergrowth was observed in samples of the 1:2:2:3 phase
in which an extra TI-O plane was occasionally inserted be-
tween the Cu perovskitelike units, creating local regions of
the 2:2:2:3 phase. Microprobe data show that the T1 con-
tent is systematically high in the compounds containing
single T1-O layers and systematically low in those com-

FIG. 5. High-resolution TEM image of an isolated four-
CuOr-layer intergrowth. The markers denote the positions of
the Cu columns.

S.S. P. PARKIN et al.
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pounds with TI-O bilayers (see Table 1) thus suggesting
that intergrowths of T1-O monolayers in the T1-O bilayers
materials and T1-O bilayers in the T1-O monolayer com-
pounds are a general feature of these materials.

Meissner data (see Fig. 4) established that T, can take
a range of values for all of the double and triple CuO; lay-
er compounds— 7. =95-108 K for 2:1:2:2, T.=118-125
K for 2:2:2:3, T.=65-85 K for 1:1:2:2, and T,=100
-110 K for 1:2:2:3. For a given compound, x-ray
diffraction and microprobe studies did not detect any ob-
vious difference between the samples with differeat transi-
tion temperatures. TEM studies, however, showed a clear
correlation between the density of intergrowths and T..
For the 2:1:2:2, 2:2:2:3, and 1:2:2:3 phases the material
with no intergrowths displayed the highest transition tem-
perature, whereas for the 1:1:2:2 compound the sample
with the lowest density of intergrowths had the lowest T.
As the density of intergrowths increased we observed that
T, systematically decreases or increases, respectively. It
is possible that the structural or electronic modifications
caused by the intergrowths are directly responsible for the
decreased transition temperatures. Alternatively the pres-
ence of the intergrowths may simply reflect a means
whereby the system accommodates, to some extent, off-
stoichiometry in the cation sites which in turn may
influence T.. It is difficult to determine whether it is the
local change in structure or composition which is responsi-
ble for the decrease in T, since these are concurrent
changes.

A second important structural feature found in all of
the double and triple CuO; layer compounds is the pres-
ence of weak superlattice reflections in the selected area.
electron diffraction patterns. These reflections are consid-
crably weaker than those previously found in the
Bi;Sr,Ca;Cu;0, compound'?-'® and indicate different
structural modulations than those in the Bi>Sr,Ca;Cu;0,
compound. The patterns can be described by a set of
symmetry-related wave vectors, k. Each wave vector de-
scribes a pair of reflections symmetrically disposed a re-
ciprocal distance | k| along k on either side of each Bragg
peak, which would be consistent with a sinusoidal modula- -
tion of the charge density along this direction.!” The pos-
sibility that each k corresponds to a different crystal vari-
ant with lowered symmetry is unresolved. The TI-O
monolayer and bilayer families each display a distinctive
pattern of superlattice reflections, shown schematically in
Figs. 6(a) and 6(b). One example of electron diffraction
patterns showing the superlattice reflections is given in
Fig. 7 for the 1:1:2:2 phase.

The structure and properties of the single CuO; layer
compounds are more sensitive to the preparation condi-
tions than those of the double and triple CuQ; layer com-
pounds. When prepared from a T1;Ba,;Cu, starting com-
position, the 2:0:2:1 compound has a face-centered ortho-
rhombic cell and is not superconducting. The material is
heavily twinned with twin planes of {110} type in the or-
thorhombic cell. This cell is related to the tetragonal cell
by a rotation of =45° about the ¢ axis with ¢ and & in-
creased in size by a factor of =+/2. However when the
2:0:2:1 compound is prepared from a Cu-rich starting
composition, T1,Ba;Cuj, the compound is superconduct-
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FIG. 6. Schematic diagram of the arrangement of superlat-
tice reflections about the fundamental refiections for (a) the
1:1:2:2 and 1:2:2:3 phases, (b) the 2:1:2:2 and 2:2:2:3 phases, (c)
the 2:0:2:1 phase. The fundamental reflections are shown as
solid circles, and those which are systematically absent are
shown as dashed circles. The superstructure is shown by open
circles and the corresponding wave vectors by bold arrows.

ing at =20 K. While x-ray data indicate the structure is
pseudotetragonal, transmission electron micrographs re-
veal a tweed pattern which is consistent with local ortho-
rthombic distortion. A tetragonal polymorph with no evi-
deace from TEM studies of either an average or local or-
thorhombic distortion can be formed by preparing the
compound from a pellet containing a small amount of Ca
(T1:Ca:Ba:Cu =2:y:2:1+y, with y==0.05-0.15). This po-
lymorph is also superconducting with a 7. which is in-
dependent of the amount of Ca in the starting composition
but weakly dependent on the annealing time— 7, =15
and 20 K for anneal times at 880°C of 3 and 9 h, respec-
tively. As suggested by the Meissner data in Fig. 4(a)
these pellets contain, in addition to the tetragonal 2:0:2:1
phase, a substantial amount of the 2:1:2:2 phase which in-
creases as the proportion of Ca in the starting composition
is increased. There is a stfficient amount of this phase
that the resistance of these pellets actually drops to zero at
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FIG. 7. (a) [100) and (b) [001] selected area diffraction pat-~
terns from crystallites of 1:1:2:2 showing superlattice reflections.

T.=100 K. The Meissner data in Fig. 4(a) show that for
y==0.05 the ratio of 2:1:2:2 to 2:0:2:1 is about 8% and for
y==0.15 the ratio is increased to =30%. Electron mi-
croprobe analysis shows that only a small amount of Ca
(=0.2 at.%) is incorporated into the 2:0:2:1 grains and
consequently the role of the Ca doping in changing the
structure and properties of the 2:0:2:1 material is unclear.
Moreover there are reports that the 2:0:2:1 phase can be
prepared without Ca with a transition temperature as high
as =85 K.> Both polymorphs of the 2:0:2:1 structures
display a similar superlattice with an approximate wave
vector, k=[0.08,0.24,1] in the orthorhombic setting.
Taking the superlattice into account lowers the symmetry
of both the orthorhombic and tetragonal structures to
monoclinic with the ¢ axis being unique. As shown in Fig.
8 this superstructure is different from those found in the
double and triple CuO; layer compounds.

The other member of the T1,Ca,—1BasCu,O26:+1)+m
family which contains single CuQ; layers, the 1:0:2:1
phase, has a primitive tetragonal cell and is not supercon-
ducting for the wide range of preparative conditions con-
sidered in this study, including growth from Cu-rich or
Ca-doped starting compositions. No superstructures have
been observed in these crystals so far.
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FIG. 8. (a) [100], (b) 1110], and (c) [001] sclected area
diffraction patterns from a crystallite of 2:0:2:1.

As shown in Table I there is no obvious correlation of
superlattice structure with the superconducting properties
of the TinCan—1BasCusOsin+1) +m compounds. Note
that in the closely related compound, Bi>Sr;Ca,;Cu,0,, it
has recently been proposed that the observed incommens-
urate superlattice corresponds to a distortion of both the
Bi-O and CuO; planes resulting from ordered vacancies
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FIG. 9. Dependence of T, on the number of CuO; planes
within the Cu perovskitelike unit for the T1;Ca,~1BazCuaO2m +3
(m) and T12Ca,-1Ba;CuyO2e+4 (@, this work; O, Ref. 5) series of
compounds. The dashed vertical lines correspond to the varia-
tions in 7. found for each phase. O corresponds to data for (T1,
Bi)1(Ca,Sr)2Cu O, (Ref. 21).

on the Sr sites.!® The vacancies are postulated to deter-
mine the carrier density on the CuQ, planes and so
influence the T, in a manner similar to that first noted by
Schafer, Penney, and Olsen for the La;—,Sr,CuO4-
compounds.'® The number of different superlattice struc-
tures found in the T1-Ca-Ba-Cu-O system provides a more
extensive basis with which to test such hypotheses. Indeed
it may be significant that, as shown in Table I, there are
important variations in stoichiometry away from the ideal
stoichiometries expected for the various Tl,Ca,-1Bas-
Cu,02(:4+1)+m phases. In particular, the [T1)/[Bal ratio
is higher for the n=1 compounds compared to those for
n=2 and n=3. Band-structure calculations of both the
TlmCa,-1Ba;CusO2(x +1)+m compounds and Bi;Sr;Ca;-
Cu,0, indicate that the stoichiometry of the TI-O and
Bi-O layers would have a profound impact on the carrier
density in these materials.'™® The extent of off-
stoichiometry on the cation or the oxygen sites in the T1-
Ca-Ba-Cu-O phases requires further study. Note also
that one group has recently prepared a complex material
of the form (T1,Bi);(Ca,Sr),Cu;O, with the 1:0:2:1 struc-
ture which appears to superconduct at temperatures of up
to 50 K (Ref. 21). The variation of properties of the sin-

. gle CuO, layers compounds provides a fertile area for fur-

ther study and highlights the difficulties in preparing these
multicomponent oxides in a controlied manner.

In conclusion, these studies have shown that the super-
conducting transition temperature increases with the
aumber of CuO; planes in the perovskitelike unit for both

i the T1;Ca,-;Ba;Cu,02,+3 and TI;Ca,-1Ba;Cu,01,+4

structures (Fig. 9). A similar dependency is found in both
series of compounds with an increased spread of T as the
number of CuO; planes is reduced. The range of T, in the
double and triple CuO, layer compounds correlates with
the density of intergrowth defects. No such defects have
ben observed so far in the single CuO; layer compounds,
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even when doped with Ca. One might speculate that in
this case the variation in transition temperature may re-
sult from variations in cation or oxygen site occupancy.
The increase in T, as n increases may be accounted for by
various theories, including several based on the BCS
theory!® and others invoking more exotic mechanisms
such as the resonating-valence-bond model.2> The variety
of structures and properties in the Tl-Ca-Ba-Cu-O system
provides a model family of compounds with which various
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theories of high-temperature superconductivity can be
evaluated.
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FIG. 3. (a) [010] selected area diffraction (SAD) pattern.
and (b) corresponding image of crystallites containing regions of
1:2:2:3 and 1:1:2:2. The arrows in (b) denote unit-cell thick in-
tergrowths of 1:1:2:2 in 1:2:2:3. (c) High-resolution transmis-
'sion clectron micrograph of one unit-cell thick 1:1:2:2 inter-
growth in 1:2:2:3.






AR SR AR R

’
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We have discovered a new high-7, oxide superconductor of the Bi-Sr—-Ca-Cu-O system without any rare earth ele-
ment. The oxide BiSrCaCu,0, has 7; of about 105 K, higher than that of 'YBa,;Cu;0, by more than 10 K. In this oxide,
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KEYWORDS: oxide superconductor, Bi-Sr—Ca-Cu-O system, rare earth, high T, new stable superconductor

Soon after the discovery of high-T.. superconductors of
the layered perovskites (LaBa),CuO," and (LaSr),CuO,?
with T of about 40 K, YBa,Cu,0,® with 7. of 94 K was
synthesized. The discovery of these materials stimulated
many researchers to investigate new oxide superconduc-
tors of still higher 7. and extensive studies have been car-
ried out to search for these oxides. Up to now, however,
no new stable supercondutors with T, higher than that of
YBa;Cu;0; have been reported. The values of 7, have
not improved by the substitution of other rare earth
elements for yttrium.

In order to find high-T. superconductors, we believe
that it is important to investigate other classes of oxides
which do not include rare earth elements. This led us to
study the superconducting oxide system including the
Vb-clement group such as Bi and Sb of trivalent
elements, and we discovered a new high-T. superconduct-
ing material BiSrCaCu,0,. This oxide has 7. of about
105 K, being higher than that of YBa,;Cu;0; by more
than 10K.

The value of 7. in the Bi-Sr-Cu-O oxide system which

- does not include Ca is very low being about 8 K.* In
order to obtain high T, the coexistance of Sr and Ca in
the Bi oxide system is found to be absolutely necessary.

_ The Bi-Sr-Ca-Cu-O oxide samples were prepared
from powder reagents of Bi,0;, SrCO;, CaCQ; and CuO.

The appropriate amounts of powders were mixed, calcin-
ed at 800-870°C for 5 h, thoroughly reground and then
cold-pressed into disk-shape pellets (20 mm in diameter
and 2 mm in thickness) at a pressure of 2 ton/cm?. Most
of the pellets were sintered at about 870°C in air or in an
oxygen atmosphere and then furnace-cooled to room tem-
perature.

The electrical resistivity was measured by the standard
four-probe method for a bar-shaped specimen of about
IX2x20 mm’ cut out from the pellets. Magnetization
measurements were carried out with a vibrating sample
magnetometer. The temperature was measured by
Au7%Fe-Chromel thermocouples. Figure 1 shows the re-
sistivity vs temperatue curves of BiSrCaCu,0, oxides
thus prepared. Specimen (a) was sintered at a relatively
low temperature of 800°C for 8 h while specimen (b) was
sintered at a higher temperature of 882°C for 20 min
followed by annealing at 872°C for 9 h. In the case of the
lower sintering temperatue, the onset temperature (72
of the superconducting transition is about 83K and the
zero resistance state (T97) is reached at 75 K (low-T

phase). On the other hand, in the case of a higher sinter-
ing temperature, a high-7; phase appears, the onset tem-
perature of which is about 120K and 7. extraporated to
zero resistance is as high as 105 K. The value of 797 is
higher than that of YBa,Cu;0; by more than 10 K. Since
a little amount of the low-7. phase still remained in the
sample, a complete zero resistance state is achieved at
75 K which corresponds to that of the low-T, phase. We
have not succeeded in synthesizing the oxides with a
single phase of the high-7. material at this moment.
From our preliminary experiments, we know that sinter-
ing at high temperatures for a short duration of time is
effective enough to increase the relative amount of the
high-T. phase. This may indicate that the high- 7. phase is
stable at elevated temperatures.

Figure 2 shows the magnetization vs temperature curve
for the specimen (b) in Fig. 1 which was sintered at the
higher temperatures. A Meissner effect showing a perfect
diamagnetic state is observed exactly in the same tempera-
ture range as in curve (a) shown in Fig. 1. We conclude,
therefore, that the present high-7; phase is indeed super-
conducting. )

The high-T, phase appears near the composition ratios
of Bi:Sr:Ca=1:1:1. As the composition deviates from
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Fig. 1. Temperature dependence of resistivities in Bi,Sr,Ca,Cu,0, 0x-
ides (a) sintered in air at 800°C for 8 h, then cooled in a furnace and
(b) sintered at 882°C for 20 min followed by annealing at 8§72°C for
9h.
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Soon after the discovery of high-T. superconductors of
the layered perovskites (LaBa);CuO," and (LaSr),CuO>2
with 7: of about 40 K, YBa,Cu;0,? with T, of 94 K was
synthesized. The discovery of these materials stimulated
many researchers to investigate new oxide superconduc-
tors of still higher T; and extensive studies have been car-

ried out to search for these oxides. Up to now, however, .

no new stable supercondutors with T higher than that of
YBa,Cu;0; have been reported. The values of 7. have
not improved by the substitution of other rare earth
elements for yttrium.

In order to find high-7, superconductors, we believe
that it is important to investigate other classes of oxides
which do not include rare earth elements. This led us to
study the superconducting oxide system including the
Vb-element group such as Bi and Sb of trivalent
elements, and we discovered a new high-T, superconduct-
ing material BiSrCaCu;0,. This oxide has T, of about
105K, being higher than that of YBa,Cu;0; by more
than 10K.

The value of T. in the Bi-Sr-Cu-O oxide system which
does not include Ca is very low being about 8 K.*® In
order to obtain high T, the coexistance of Sr and Ca in
the Bi oxide system is found to be absolutely necessary.

The Bi-Sr-Ca-Cu-O oxide samples were prepared
from powder reagents of Bi;03, SrCO;, CaCO; and CuO.
The appropriate amounts of powders were mixed, calcin-
ed at 800-870°C for 5 h, thoroughly reground and then
cold-pressed into disk-shape pellets (20 mm in diameter
and 2 mm in thickness) at a pressure of 2 ton/cm? Most
of the pellets were sintered at about 870°C in air or in an
oxygen atmosphere and then furnace-cooled to room tem-
perature.

The electrical resistivity was measured by the standard

four-probe method for a bar-shaped specimen of about

1x2x20 mm?® cut out from the pellets. Magnetization
measurements were carried out with a vibrating sample
magnetometer. The temperature was measured by
Au7%Fe-Chromel thermocouples. Figure 1 shows the re-

sistivity vs temperatue curves of BiSrCaCu;O, oxides

thus prepared. Specimen (a) was sintered at a relatively
low temperature of 800°C for 8 h while specimen (b) was
sintered at a higher temperature of 882°C for 20 min
followed by annealing at 872°C for 9 h. In the case of the
lower sintering temperatue, the onset temperature r™
of the superconducting transition is about 83 K and the
zero resistance state (T'¢") is reached at 75K (low-T:

phase). On the other hand, in the case of a higher sinter-
ing temperature, a high-T. phase appears, the onset tem-
perature of which is about 120X and T extraporated to
zero resistance is as high as 105 K. The value of T is
higher than that of YBa,Cu;O; by more than 10 K. Since
a little amount of the low-T, phase still remained in the
sample, a complete zero resistance state is achieved at
75 K which corresponds to that of the low-T, phase. We
have not succeeded in synthesizing the oxides with a
single phase of the high-7. material at this moment.
From our preliminary experiments, we know that sinter-
ing at high temperatures for a short duration of time is
effective enough to increase the relative amount of the
high-T. phase. This may indicate that the high-T, phase is
stable at elevated temperatures.

Figure 2 shows the magnetization vs temperature curve
for the specimen (b) in Fig. 1 which was sintered at the
higher temperatures. A Meissner effect showing a perfect
diamagnetic state is observed exactly in the same tempera-
ture range as in curve (a) shown in Fig. 1. We conclude,
therefore, that the present high-T7 phase is indeed super-
conducting.

The high-T phase appears near the composition ratios
of Bi:Sr:Ca=1:1:1. As the composition deviates from
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Fig. 1. Temperature dependence of resistivities in Bi,Sr,Ca,Cu,0, ox-
ides (a) sintered in air at 300°C for 8 h, then cooled in a furnace and
(b) sintered at 882°C for 20 min followed by annealing at 872°C for
9h.
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Fig. 3. X-ray (Cu ka) diffraction pattern of the Bi,Sr,Ca,Cu,0, oxide superconductor for the sample (b) in Fig. 1.

this ratio, a low-7. phase tends to appear irrespective of
the sintering conditions. In BiSrCaCu,0, oxides, the
oxide of y=1 is not superconducting. According to the
results of the X-ray diffraction analyses, the starting
material corresponding to the composition of
Bi,Sr,Ca;Cu,0; seems to form a single phase. While in
the nominal composition of oxides with y>2, unreacted
CuO remained in the sample. A typical X-ray diffraction
pattern for the oxide of y=2 (sample (b) in Fig. 1) is
shown in Fig. 3. Although the structure of this oxide is
not identified yet, it appears to be different from those of
(LaSr)zCu04 and YBa,Cu;0,.

This material having high 7. above 105 K may have
potential application in various industrial fields in the
near future. It should be noted that these oxides are ex-
tremely stable in water and moisture and that no change
in the superconducting properties has been observed even
after the thermal cyclings between 4 K and room tempera-
ture or above.

Furthermore, the oxide has two phases with different

T. and their structures seem to be different from those of
high-T. oxide superconductors discovered up to now. We
believe that this new oxide will contribute greatly to
elucidating the high-T, superconducting mechanism.
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The resulting map (Fig. 1e) shows that the absorption feature
has a mean W of 0.2 nm and stretches from roughly north to
south across the entire emission line region, corresponding to
a length of >30 kpc (the map presents only the area with good
signal-to-noise ratio). {ts spatial width is rather uncertain,
because it is unresolved in the east-west direction (<1.5"). It
cannot be narrower than 0.5” because otherwise even a 100%
obscuration would be washed out by our beam into a relative
depression of <25% (0.25 nm). So we assume a projected size
of 10x 10 kp¢? for the absorber, with a deconvoluted equivalent
width of about 0.5 nm.

Such an absorber can either consist of one or more clouds
located well in front of 4C41.17 (if the blueshift of the absorption
is cosmological, the absorber sits at a comoving distance of
5 Mpc). On the other hand, the velocity in the EELR itself is
large enough to cover this blueshift; otherwise we would be
unable to detect the feature. Thus, a dense, partially ionized
cloud at the edge of 4C41.17 could equally explain the absorp-
tion. In this latter case more detailed observations are necessary
for a physical interpretation. We therefore would like to pursue
the former possibility of a physically separated absorber. Such
clouds—commonly known as Lyman-forest ciouds—and their
properties have been extensively studied in the absorption line
spectra of high redshift quasars.

For comparison we make use of a spectrum’® of the quasar
Q0000-263 (z=4.11), the Lyman-forest of which covers the A
range of our observation. We smoothed the original spectrum
(resolution, 0.1 nm) to our instrumental resolution of 1.0 nm.
The comparison between smoothed and original spectrum
reveals that any absorption feature as deep as that observed in
4C41.17 typically consists of two or more narrow absorption
lines. We have to realize therefore, that our ‘absorption cloud’
is likely to be a superpaosition of several individual Lymaan-forest
clouds. Nevertheless, we believe that the outline of the absorber

in the W map (Fig. 1e¢) is most likely to be determined by one-

single cloud which made the feature strong enough to become
detectable, and we assign half of the measured equivalent width
(0.25nm) to this cloud. Assuming a Doppler parameter b=
35kms™" and N/ Ny, =10"* as typical for Lyman clouds of
that depth (refs 1, 3), we find a column density Ny, ~ 10" cm™2.
A cigar-shaped cloud of 40 kpc length and 10 kpc diameter
would contain a total hydrogen mass of ~3 x 10" Mo.

What is the probability of detecting such an absorption feature
in front of 4C41.17? Both the smoothed spectrum of Q0000-263
{ref. 14) and the standard dN(W, z)/dz relation"® yield ~25
features with W > 0.4 nm on each line of sight and within one
z unit at the observed wavelength. Considering the ‘useful’
wavelength range of ~1.2 nm (the blue half of the width of the
cmission line) in our search for line features, and the area of
the EELR inspected of ~20 arcsec?, the probability of detecting
a cloud of a typical size of a few arcsec? is close to 1.

In conclusion, we believe that we have succeeded in obtaining
the first direct observation of a Lyman absorption cloud. Either
this cloud belongs directly to the mass concentration around
4C41.17 or it is a physically separated foreground object. In the
latter case it would represent the population of Lyman-forest
clouds known from the absorption spectra of quasars. In either
case, our observations indicate that the relevant absorbers
have projected sizes of some 100 kpc? and an elongated shape,
like a cigar or a sheet seen almost edge-on in the case of

4C41.7. O
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Superconductivity at 94 K
in HgBaCuly,, s
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FOLLOWING the discovery' of high-transitiou-temperature (high-
T.) superconductivity in doped La,CuO,, several families of
related compounds have been discovered which have layers of CuQ,
as the essential requirement for superconductivity: the highest
traosition temperatures so far have been fouad for thallium-
bearing compounds®. Recently the mercury-bearing compound
HgB2,RCu,0y, ; (Hg-1212) was synthesized® (where R is o rare-
earth element), with a structure similer to the thallium-bearing
superconductor TIBa,CaCu,0, (TI-1212), which has one TIO layer
and two CuO, layers per usit cell, and 8 T, of 85 K (ref. 2). But
in spite of its resemblance to T1-1212, Hg-1212 was found not to
be supercoaducting. Here we report the synthesis of the related
compound HgBa,CuO,,; (Hg-1201), with oaly one CaO, layer

. per unit cell, and show that it is superconducting below 94 K. Its

structure is similar to that of T3-1201 (which has a T, of <10 K)*,
but its transition temperature is coasiderably higher. The availabil-
ity of a material with high T, but only a single metal oxide (HgO)
layer may be importaat for technological applicatioas, as it seems
that a smaller spacing between CuO, planes leads to better super-
conducting properties in a magnetic field>. :

The samples were prepared by solid state reaction between
stoichiometric mixtures of Ba,CuO,,, and yellow HgO (98%
purity, Aldrich). The precursor Ba,CuQ,,; was obtained by the
same type of reaction between Ba0O, (95% purity, Aldrich) and
CuO (NormaPur, Prolabo) at 930 °C in oxygen, according to
the procedure described by De Leeuw ef al®. The powders were
ground in an agate mortar and placed in silica tubes. Al these
operations were carried out in a dry box. After evacuation, the
tubes were sealed, placed in steel containers, as described in
ref. 3, and heated for 5h to reach ~800 °C. The samples were
then cooled in the fumace, reaching room temperature after
~10h.

The formation of the new phase HgBa,CuOQ,,, was revealed
by X-ray powder analysis, performed with a Guinier-Higg
focusing camera and Fe Ka radiation (1.93730 A). Finely pow-
dered silicon {a =5.43088 A at 25°C) was used as an internal
standard. The intensities of the reflections were evaluated by
means of an automatic film scanner and indexed on a tetragonal
cell with lattice parameters a = 3.8797 (5) A, ¢ =9.509 (2) A and
assignment Z=1. No systematic absences were observed,
leading to the number of molecules per unit cell of the space
group P4/mmm. The ¢ parameter corresponded to the value
calculated from the formula ¢=9.5+3.2(n— 1), similar to that
deduced for the TBa;R,,-,Cu,0,,.; homologous series. We
took this as a strong indication that the powder pattern corres-
ponded to that of the first member of the HgBa,R,,_,Cu,0244245
series.
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FIG. 1 AC magnetic susceptibility x (s) and normalized resistivity (b) as 3
function of temperature for HZBa,CuO, , 5.

Scanning electron microscopy using a JEOL SM 840A equip-
ped with an energy-dispersive spectroscopy (EDS) attachment
revealed that the sample was well crystallized with particle sizes
of several micrometres. EDS analysis of several well crystallized,
flat and oriented prains was performed. Beside Hg, Ba, Cu and
O, no other element was detected in the spectra. The average
metal ratio found for eight grains was Hg:Ba:Cuw=
28(1):47(2) : 25(1), where the numbers between parentheses are
the standard deviations. Determination of the oxygen content
by EDS analysis was not possible, so it was estimated by struc-
tural analysis and iodometric titration. The cation stoichiometry
is in qualitatively good agreement with the proposed formula
of the new compound.

Alternating-current magnetic susceptibility measurements
between 4.2 and 120 K, done without any additional oxygen
treatment, showed that HgBa,CuO,,; samples undergo a transi-
tion from paramagnetic to diamagnetic with an onset as high
as 94 K (Fig. 1a, where the susceptibility is in electromagnetic
units g~'). The estimated magnetic susceptibility at 4.2 K. corres-
ponds to >50% of the ideal diamagnetic values.

The resistivity was measured between 4.2 and 250 K by the
four-probe technique. The sample was a pressed pellet which
was annealed in oxygen for 2 h. The temperature dependence
of the normalized resistivity, shown in Fig. 1, exhibits a sharp
drop at T, but the transition is broad and it reaches the value
of zero resistance only at 35 K. This behaviour indicates that
the sample is not homogeneous.

To determine the structure of HgBa,CuO,,;, X-ray powder
data were collected by a #/28 STADI P diffractometer in trans-
mission mode. The experimental conditions were as follows: 26
range =6-115° (0.02° steps) with fixed counting time 60s and
a rotating sample. An absorption correction was applied and
the sample thickness was calculated from the primary beam
absorption (xR =1.7, where p is absorption coefficient and R
is thickness). The structural refinements were done by the Riet-
veld method. The initial positional parameters were deduced
from a structural model containing the sequence (Hg)(BaO)-
(Cu0,)(Ba0)(Hg). After convergence (intensity discrepancy
factor, R;=0.039), a Fourier difference map revealed that the
position at (3,4,0) of the Hg layer was partially occupied.
During the final cycle of refinement, the occupancy factor of a
third oxygen atom placed in this position was varied together
with the positional and thermal parameters for all atoms {except
for the thermal parameter of O(3) which was kept fixed at
1.0 A?%). The final intensity (R;) and profile (R,) discrepancy
factors based on 84 reflections were R; =0.0367 and R,=10.115,
with a GOF (goodness of fit) =0.33.

The final positional and thermal parameters together with the
relevant interatomic distances are given in Table 1. Observed,
calculated and difference diffraction patterns are shown in
Fig. 2. A schematic representation of the structure is shown in
Fig. 3. Preliminary structural refinements based on powder
neutron diffraction data support the presence of oxygen in the
O(3) position with an occupancy factor slightly larger than that
found by X-ray powder diffraction data. The neutron data also
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TABLE 1 Crystaflographic data for HgBa,CuO, .4

Positional, and Yy p S
Atom  Position x y 2 Bgo(A®  Occupancy
Hg 12 0 o 0 255(5) 1.00
Ba 2 05 05 02979 (1) 1.43(4) 1.00
Cu b (4] 0 05 0.88(9) 1.00
o) 2 05 [ 05 0.4(3) 1.00
o2 2 0 0 0.206(2) 22(3) 1.00
o3 1ic 05 05 o] 1.0 0.10(3)
Selected interatomic distances (A}
Hg-0(2}{x2) 185{2) Cu-0(1)(x4) 1940(1) Ba-0(1)(x4) 2730(1)
Hg-0(3)* 274X1) Cu-O0(2)(x2) 279(2) Ba-0(2)(x4) 2880(5)
Ba~0(3)* 2.831(1)

Data obtained using monochromatized Cuka, radiation {A =1.54056 A), giving 8=
387766(4) A, c=9.5073(1) A
* partially occupied sites.

confirm the large value for the mercury thermal factors. As in
the case of the X-ray data, the anisotropic model shows a very
slight difference between By, = B,; and Bj,, the thermal factors
along x, y and z respectively.

HgBa,CuO,,; has a structure related to that of Hg-1212
(ref. 3). Its lattice parameters correspond to four-layered packing
along the c-axis of a unit cell: a=ag,, ¢=2ay,, (where a,,,,
is the parameter of the perovskite subcell) and its structure
contains the sequence (CuQ,)(BaO)}(HgO;)(BaO)(Cu0,). The
Cu cations are octahedrally coordinated, while the coordination
of the other cations depends upon the value of & This, as
obtained from powder X-ray data, is 0.10(3). An important
consequence is that most of the Hg cations have two oxygen
atoms near them in a ‘dumb-bell’ configuration, an appropriate
coordination for Hg>* cations. Because & is small and different
from zero (within about three standard deviations) X-ray powder
data alone are insufficient to determine which sites of the rock-
salt positions in the HgO layer are occupied and how they affect
the Hg coordination. The extra oxygen atoms are needed in
order to increase the average oxidation number of the Cu and
to create the concentration of holes necessary for superconduc-
tivity. lodometric titration performed with a large excess of KI
leads to 16% of Cu*, corresponding to & =0.08.

Similarly, the structure of HgBa,RCu,0,.; (the second mem-
ber of the HgBa,R,,_,Cu,0,,.245 seties) can be described as
six-layered blocks made of rock-salt and perovskite-type struc-
tures. In the structure of Hg-1212 the layer sequence is:

(BaO)(Hg0,)(BaO){Cu0,)(R)(Cu0,)(BaO)(HgO,)(Ba0)
rock-salt perovskite rock-salt

The CuO, monolayer in Hg-1201 has been replaced by the
(Cu0,)(R){Cu0,) block. As a consequence the Cu cations are
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FIG. 2 Observed (3), calculated (b) and difference (¢) powder patterns efter
Rietveld refinement for HgBa,CuOy . 5.
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FIG. 3 Structure of HgBa,CuO, s The large, medium and small circles
represent the Ba, Hg and O atoms, respectively. The Cu atoms are inside
woctaredraNotematunpaniauyocmmledoxygeno(s)sneonmeHg
layer Is represented by a partially filled cirdle. :

pyranidally coordinated. The coordination of the Ba and Hg
cations in Hg-1212 is similar to that of the same cations in
Hg-1201. The R cations are surrounded by 8 oxygen atoms
arranged as a prism. The valence of the Cu cations depends
upon the value of & and the valence of the R cations: if the
same Cu valence or hole concentration as in Hg-1201 is needed
to induce the superconducting state in Hg-1212, then the R
cations should be 2+ and 8,2, should be appreciably greater
than 8,0, . For the previously reported Hg-1212,R wasa mixture
of Eu and Ca, and & was not precisely determined>. It is possible
that 5 was not large enough to compensate for the higher valence
of the R cations and to transfer the needed extra charges to
Cu0, layers.

As stated above, the structural arrangment of HgBa,CuOusp
is similar to that of TIBa;CuOs_s, except for the oxygen
stoichiometry of the HgO; and TIO, 5 layers respectively. For
the former, 5 is very small and this depletion is possible because
the dumb-bell coordination is appropriate for the Hg?* cations.
For the latter, the T1O,_5 layer is only slightly oxygen depleted,
creating the appropriate coordination for the thallium cations,
resulting in either a distorted octahedron or a five-coordinated
polyhedron. These different requirements for attaining the
optimal concentration of holes are due to the different preferred
coordination geometries of the T’* and Hg?®* cations.

The first member of the latter series (T1-1201) has been repor-
ted and found to become superconducting at <10 K (ref. 4). By
doping the Ba sites with La this value can be increased to 52 K
{ref. 7). The second member of the mono-Tl series becomes
superconducting at 85 K (ref. 2). This increase is a general rule
for the first few members of this series of compounds. If this
behaviour holds for the Hg-series, the second member could
reach values for T, as high as those of the thallium.

The possible advantages for technical applications of
HgBa,CuOs. s, in analogy with one-Tl-layer materials, would
be due to the relatively short distance between CuQ, layers.
This might lead to lower anisotropy of the superconducting
properties and to higher flux-melting temperatures than those
of two-T1O-layer superconductors®. o
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Dependence of aggregate
morphology on structure
of dimeric surfactants

R. Zana® & Y. Talmon

Department of Chemical Engineering. Technion-lsrael Institute of
Technology, Haifa 32000, Isreel

SURFACTANT molecules in water form organized assemblies of
various shapes, such as micelles and bilayer lamellae, which are
of interest as analogues of biological structures, as model systems
for studying complex phase bebaviour and because of their techno-
fogical importance, for example to the food and paint industries.
The polar head groups are usually arranged randomly at the
surface of these assemblies. We have studied the effect on the
microstructure of these assemblies of imposing constraints on the
head-group spacing. We investigate the structures formed by
‘double-headed’ surfactants in which two quaternary ammonium
species (C. H,,..N*(CH,),) are linked at the tevel of the head
groups by a hydrocarbon spacer (C.H,,). Here we report the
microstructures formed by these dimeric surfactants with m =12
and s = 2, 3 or 4 in aqueous solution, by rapidly cooling the micellar
solutions and investigating the vitrified structures with transmission
clectron microscopy. The surfactants with a short spacer (s =2, 3)
form long, thread-like and entangled micelles even at fow con-
centrations, whereas the corresponding moaomeric ammonium sur-
factants can form only spherical micelles. The dimeric surfactants
with s =4 form spheroidal micelles. Thus short spacers (which
impose redaced head-groap separation) appear to promote lower
spontaneous curvatare in the assemblies. This approach may afford
a new way to control amphiphite self-aggregation.

Conventional surfactant molecules generally comprise two
distinct parts that are incompatible with each other: onc polar
head and either one or two alkyl chains. These molecules tend
to self-associate in water, where they produce micellar salutions
in the dilute range, and lyotropic mesophases at higher con-
centrations. Whatever the structure, the surfactant polar heads
are located at the interface between the hydrocarbon and water
regions. Their relative positions and distances are determined
mainly by their electrostaticinteractions, and also by the packing
requirements of the disordered alkyl chains'->. In caesium of
rubidium soaps at low temperature in the presence of water, for
example the head groups form well developed hexagonal of
rectangular crystalline arrays‘. Generaily, however, they are
arranged randomly, and little is known of their packing geometry
or the width of their spacing distribution.

To investigate the effectof a perturbation of the local arrange-
ment of polar heads onthe micellar and mesomorphic properties

‘mwa.o-mumtrwmuwtwm
Cedex, France.
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Superconductivity near 70 K in a new family of

layered copper oxides

R. J. Cava, B. Batlogg, J. J. Krajewski, L. W. Rupp, L. F. Schneemeyer, T. Siegrist,
R. B. vanDover, P. Marsh, W. F. Peck, Jr, P. K. Gallagher, S. H. Glarum, J. H. Marshall,
R. C. Farrow, J. V. Waszczak, R. Hull & P. Trevor '

AT&T Bell Laboratories, Murray Hill, New Jersey 07974, USA

[ A new family of high-temperature superconductors is described, with the general formula Pb,Sr,ACu3 Oy 5. Although they
{ have the planes of CuOs square pyramids characteristic of the other copper-oxide superconductors, the néw compounds
J belong to a distinct structural series, with wide scope for elemental substitution. Their unusual electronic configuration also
gives new insight into the role of charge distribution among.the structural building blocks in controlling superconductivity.

§ SINCE the first observation' of high-transition-temperature
(high-T,) superconductivity in La-Ba-Cu-O, progress in the
snderstanding of this remarkable phenomenon has been cou-
pled to the discovery of new materials. Until now, three families
of copper-oxide-based high-T, superconductors have been
identified, based” on ‘(La,M),Cu0,, LnBa,Cu;0O,, and
(T1,Bi) oy (Ba,5r);C8,41CuO 42442 (ref. 2). (Here M represents
s metal cation that may substitute on some La sites, and Ln
represents a lanthanide.) Here we report the discovery of a new
family of planar copper-oxide superconductors with general

§ formula Pb,Sr,ACu,04,, (where A is a lanthanide or a mixture

of Ln+S8r or Ca), and describe the synthesis, crystal structure
ind properties of prototype compounds. We find, for example,
that one preliminary optimal composition Pb,Sr, Y, 5Ca, sCu;05
bas & superconducting T, of 68 K. The new-family displays the
same kind of rich substitutional chemistry as is observed for
LaBa,Cu,0,, with the phase forming for Y and at least La, Pr,
Nd, Sm, Eu, Gd, Dy, Ho, Tm, Yb and Lu, spanning the entire
rare-earth series. Wide ranges of large-metal-atom solid solution
and oxygen stoichiometry are observed, suggesting many poss-
ble avenues to be explored for the optimization of supercon-
ducting properties. '

" Superconductivity is induced in the host compounds
PbySr;LnCu;Oyy5 (6 =0) either by partial substitution of a
divalent ion (such as Sr or Ca) onthe lanthanide site, or possibly
by the accommodation of excess oxygen (8> 0), or a combina-
tiont of both, The compounds can be synthesized only under
mildly reducing conditions, which are necessary to maintain Pb
in & 2+ oxidation state. Oxidation of & =0 compounds is poss-
§ ble, but only at low temperatures, where decomposition to a
f Pb{1v)-containing perovskite is sluggish. Remarkably, the for-
nal avetage oxidation state of copper in the superconductors
§ B less than 2+, but a clear structural distinction between
¥ different types. of ‘copper layers leads us to hypothesize that
g toles:aré nonctheless present on electronically active CuO
| pyramidal planes. :
Synthesis - S . :
The preparative conditions for the new materials are consider-
| sbly more stringent than for the previously known copper-based.
superconductors. Direct synthesis of members of this family by
reaction of the component metal oxides or carbonates in air or
‘oxygen at temperatures below 900 °C is not possible because of
the stability of the oxidized SrPbO;-based perovskite. Successful

| synthesis is accomplished by the reaction of PbO with pre-

reacted (Sr, Ca, Ln) oxide precursors. The precursors are pre-
pared .from oxides and carbonates in the appropriate metal

ratios, calcined for 16 hours (in denss AlO; crucibles) at 920- .

980°C in air with one fntermediate  ding. Some of -the

Pb,Sr,LnCu;0;,5 compounds can be prepared in air from
PbO+ LnSr,Cu;0, precursor mixtures, which are not reacted
at temperatures below ~850°C. For example, single-phase -
Pb,Sr,YCu;0;.5 (6 =0) can be prepared by reacting PbO with
YSry;CuyO, at 920 °C for 1h, followed by quenching. Slower
cooling results in partial decomposition through oxidation.
Short reaction times are generally sufficient to obtain single-
phase products. The same air-heating/quenching process- does
not appear to work, however, for Pb,Sr,LaCu;0g,; or
nzsszUCIhqu.;. .

The best synthetic conditions found so far involve the reaction
of PbO with the cuprate precursors in thoroughly mixed pressed
pellets. Reaction temperatures are between 860 and 925 °C, for
times between 1-16 h, in a flowing gas stream of 1% O, in N,,
a mildly reducing atmosphere. For Pb,51,Y,...Ca,Cu30g4,, for
example, single-phase materials are obtained for 0=x<0.5 in
1% O, after heating overnight at 865 °C and cooling in the gas
stream to room temperature in 15 minutes. Using higher tem-
peratues, higher po, in the gas stream or higher Ca contents of
the starting mixture results in the intergrowth of 123-type
YSr;(Pb,Cu);0, with the new compound, or the formation  of
an SrPbO,-based second phase. Similar procedures are success-
ful for other Sr/rare-earth/Ca combinations. The oxygen con-
tents of Pb,Sr, Y, Ca,Cu;0y.5 for 05 x = 0.50, prepared under
these - conditions, are measured by reduction in H, and are
uniformly 6 =0£0.1. Ca is employed as a dopant on the Ln
site because it has an ionic size similar to the imtermediate
rare-carths. We have not yet found synthetic conditions under -
which Pb,Sr;., Ln;_,Cu304., solid solutions can be prepared

- assingle-phase polycrystalline samples that are good bulk snper-

conductors; -although superconducting single crystals: of that.
stoichiometry. have been prepared. - :

-Single crystals of the superconducting compounds ﬁm grown .

‘from PbO- and CuO-rich melfs using a similar precursor tech-

nique. Melt compositions were generally Pb; sSr, YCu,O,. Fol-
lowing a 30-min soak at 1,025 °C, samples were cooled at 2°C -

‘min~! in the 1% O, atmosphere to temperatures between 800 .

and 400 °C, and were then rapidly cooled to room temperature
in the same gas stream, Crystals are plate-like in habit, butare

* generally more equiaxed than those of LnBa;Cu;0,. '

Stoichiometry and crystal structure T
Compounds of stoichiometry Pb,Sr,LnCu,0g (8=0).are not -

" bulk superconductors, although we often observe small amounts - . -

of ‘superconductivity- (1% or less) in. materials - of . that.
stoichiometry prepared either by the quench or by the 1%-O,
synthetic techniques. The non-bulk superconductivity may be .
due to inhomogeneities in either oxygen content or Sr/La distri-
bution. : " : o
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Fig.1 Tworepresentations of the crystal struc-
ture for the new superconducting compounds,
for the case of Pb,Sr; 54Ndy 75Cu3Ogss- Rep-
resentation a emphasizes the Cu-O and Pb-O [
" bonding scheme, and representation b empha-
sizes the manner in which Cu-O and Pb-O -
coordination polyhedra are arranged.
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The range of oxygen contents possible for these compounds
_is remarkable. Pb,Sr;YCu;044s, 6=0, for example, can be
oxidized by heating in O; to temperatures below 500 °C for short
times (2-4 h) to & values of ~1.6, retaining the same basic crystal
. structure. We have observed values as large as =18 for
szszYo‘:;sCao_”Cu;Os-pg. Oxidation at temperatures higher
than 500 °C, or for longer reaction periods, generally results in
decomposition to the StPbO;-based perovskite. Powder samples
of Pb,Sr;YCu,0;..5 with large values of & are not superconduct-
ing. Single crystals of the PbySry4,Ln,CuyOg4; type are super-
conductors with transition temperatures between 10 and 70 K.
These crystals may have non-zero values of & but have not yet
been fully characterized. The range of T.s observed suggests a
complex and interesting relationship between T, & and the
Sr:La ratio, ’ . : '
Powder X-ray diffraction indicates that the new phases have
an orthorhombic unit cell which is based on a many-layer
perovskite structire. The characteristic X-ray pattern for the

prototype compound Pb,Sr,YCu,0, is-presented in Table 1. .

The compound deviates only slightly from tetragonal symmetry.
The simplest cell consistent with'the X-ray pattern is e-centred,
with lattics parameters a = 5.40, b =5.43, and ¢ =15.74 A. Sys-

tematic absences are consistent with a c-centred cell down to-

the detectability limit of 1% maximum intensity. The orthorhom-

* bic cell gives an excellent fit to the powder diffiraction pattern -
but a hint of a shoulder.on the high 28 side of the 314 refiection -

" indicates that the true symmetry may be weakly monoclinic.
_ Although the lattice paramgters for this family of compounds

are very similar-to thosé reportid for TIBa,Ca;Cu,04 (ref. 3),
the crystal structures are quite different. Electron microscope -

 investigations indicate that for some crystals, weak (but sharp)
reflections are present which violate the e-ceatring. Furthermore,
- these studies. show the presence. of long-period, long-range-

_ ordered superlattices in the a-b plane, suggesting that a variety
of structural distortions and stoichiometr--driven atom-ordering -

: uhemwm oceur.

R

The crystal structure of compounds in this family, determined
for a superconducting Nd-based single crystal of approximate
stoichiometry Pb,St; 2Ndg76Cu30345 (determined by structure
refinement) is shown in Fig. 1. The crystal employed in the
structural determination was twinned, as expected from the
pseudo-tetragonal symmetry. The atomic coordinates are repor-
ted in the ¢-centred orthorhombic cell to be consistent with the
powder data, but a primitive cell with a and b rotated by 45°
and reduced by V2 gives an equally good description of the
single-crystal data. The very small scattering cross-section of
oxygen precludes determination of & by refinement. The data.
are well fitted by the structural model (refinement parameter
R =3.7%), but a microscopic explanation of the orthorhombic
symmetry is not apparent; if the origin is primarily in the oxygen

sublattice we would not be able to detect it in the X-ray structure

determination.

The basis of the structure coniprises infinite planes of corner- -
~ shared CuOy; pyramids separated by eight-coordinate rare-carth

atoms, as are common to all the preseatly known copper-based
superconductors with T.>50 K. The four in-plane copper--
oxygen distances are ~1.9 A, and the distance to the apical
oxygen is ~2.3 A, both of which are very similar to those
observed in YBa,Cu;0,. The structural components unique to
the new class of materials are the PbO-Cu0,-PbO planes showa
in the centre of the Fig. 1. For § =0, Pb has a distorted flattened
square .pyramid coordination (sharing: edges ‘with adjacest
pyramids), with the lone pair pointing toward the vacant sixth

_ site of the coordination octahedron: The PbOs pyramids ere .-§ -
separated by a single copper layer, which, for §=0, is oxyges- '§
free, and displays an O-Cu-O coordination characteristi¢ of .

Cu'* (Cu-O distance ~1.8'A), as is observed in non-supercon-
ducting YBa,Cu; 0. During the low-temperature oxidation pro-

pyramidal planes are joined by the common oxygens at their
‘apices. The St atoms ar

cess, oxygen is apparently accommodated in this copper layer, 1
resulting in a large expansion of the ¢ axis. The PbOs and CuOs

wdinated to nine oxygens, as in (L4,
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Fig. 2 Magnetization data (d.c. field-cooled at 25 Oe) for
" PbySr, Y sCag 5Cu30y.

8r)Cu0,, and the Ln site is eight-coordinate, as in the
LnBa,Cu;,0; family, sandwiched between the CuQ; pyra-
midal - planes. In the superconducting compound
Pb;Sr,Y,.,Ca,Cu;04,4, Ca partially substitutes for Y in the
eight-coordinate site.

The erystal structures of all the known copper-oxide-based

superconductors are generally described as many-layered perov-

skites. The similarities and differences among them are most
easily illustrated in terms of the stacking sequences of rocksalt-
like (AO) and perovskite-like (BO,) layers®. Taking, for example,
representatives from the superconductor families that have
double CuO; pyramidal layers, the stacking sequences are:

Pb,5ry(Y, Ca)Cuy0g,5 - . .
(Y, Ca)—Cuoz-SrO-PbO-Cu05-PbO—_SrO-CuO;—(Y, Ca)-»

' lenazcaCIQOg

~Ca~Cu0,-Ba0-T10-TIO-BaO-CuO,-Ca-

YBazcu;AO“e . K
-Y-Cu0,-Ba0-Cu0;-BaO-Cu0,-Y-

“Table I Characteristic X-ray powder diffraction pattern for

. Pb;Sl‘;YCu,O, i
hxt d I, . hid . d I
001 = 1574 7 116 2164 11
002 . 787 3 025 2.057 12
003 535 2 S 205 2.050 10
004 394 10 . 008 1967 1

<+110 - 3.83] 11 R0 . 1915 .25
1 372 A4 118,009 1750 .2
112 3444 . 1 0,20 1.730 1

.05 3148 11 o 24 1722 2
13- 3004 n - ©130 17117 )
4 2145 100 310,131 1.708 3
020 2 @ in 1699 0 2
200 2701 43 25 163 .. 3
021 2671 7 133 1.632 3
201 2.662 7 313 - 1625 -1
006 - 2623 6 . 028 1593 . 1
023 242 1 - 208,119 1591 n
203 © 2401 1 134 1574 18
024 2236 2 314 1568 14"

"' Cu Ka radiation, 0-60° 26 c-centred orthorhombic cell, preliminary -

true symmetry may be weakly monoclinic. Lattice parameters
a=54019(15), b=5.4333(15), ¢ =15.7388(" .
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The new superconductors, then, can be seen to be intimately
related in structure to those previously described. They can be
considered as related to T1,Ba,CaCu;0; by insertion of a single
CuO, layer between adjacent polarizable AO layers, or related
to YBa,Cu;0,.5 by sandwiching of the CuO; ‘chain’ layer by
two PbO layers, We believe that it is the electronic screening of
thie CuO; planes from the CuO; layers by the PbO layers that
makes the new superconductors of considerable interest. Fur-
thermore, we expect these materials to be even more anisotropic

‘in their physical properties than those previcusly known, as

the double pyramidal Cu0,-A-CuO, layers are widely
separated.

Superconducting properties

We have studied the composition dependence of the supercon-
ducting properties of compounds in the - series
Pb,Sr,Y,.,Ca,Cu,03 for 0=x=0.75, by estimating the flux
expulsion measured on cooling in 2 field of 25 Oc in a d.c.
SQUID magnetometer (S.H.E. model 905). The greatest flux
expulsion occurs for x=40.5, and is ~20% of the idea! value
(see Fig. 2). Because flux becomes trapped in the pores of these
low-density ceramics, this is an underestimate of the true volume
fraction of superconductivity. For x=0.5, the materials were
not entirely single-phase, with one or more impurity peaks
having a maximum intensity of 5% of the strongest peak in the
powder X-ray pattern. This, coupled with the estimate of the
volume fraction of superconductivity, suggests that the optimal
superconducting composition may have x somewhat greater
than 0.5. This could be achieved if different synthetic methods
can be found that allow a larger range of solid solution to be
attained. We have measured the normali-state susceptibility (in
a 20-kOe field) for temperatures below 400 K of apparently
single-phase -samples (no unindexed X-ray lines to 0.5%
maximum intensity) of the non-superconducting endmember
Pb;Sr, YCu,;0; and superconducting Pb,Sr, Y 525Cag 375Cu305.
The susceptibility of the superconductor (x) is essentially tem-
perature independent (y=1x10"¢ e.m.u. per mole formula
unit), with only a slight decrease at low temperatures. This

" temperature dependence is similar to that of high-quality

YBa,Cu;0,, and is characterized by the absence of a_Curie-~
Weiss contribution. Furthermore, this supports our conclusion
that the copper atoms between the PbO layers are Cu'*, Post-
oxidation at 500 °C results in oxidation of this copper to mag-
netic Cu®*, Pb,Sr,YCu,0; appears to be magnetic (~0.5 1B per
Cu atom), but further studies are necessary to clarify whether
this is intrinsic or is due to the presence of highly magnetic .
impurity phases that are undetectable by X-ray diffraction.
Figure 3 shows the temperature dependence of the resistivity
for a single crystal of.Pb,Sr,Dy,.,Ca,Cu;0;,5. The midpoint
of the superconducting transition-is at $1.5 K (indicated by an
arrow in Fig. 3), although there is a-small foot which gives
a zero-resistance T, of 46 K. Above T, the temperature

“Tuble2 Crystallographic-data for Pb;St; 2Ndo26CsOges

Atom Position x ~ y r B, [AY]
P 4 - 1/2 0  038858(4) 1.09(2)
St -4k 0 0 0.22184 (9) 0.74 (4)
Nd, Sr* ‘2 "0 0 0 - 0.69 (3)
Cul ‘2d 0 o - 12 -0.86 (9)
cu2 41 - 172 0 . 0.11074(13) . 0.46(5)
ol A 4T 172 00 02546(8) - 1.5(8)
02 . . 4 0 0. 0384(3) . 13(8) . .
03 © 8m_ 14 1/4 0 0.0995(5) . - (09(3) -

Orthorhombic cefl (pseudotetragonal substructure); a =5435(1)A,
b=5463(1)A, ¢=15.817(3)A; space ‘group Cmmm, =2 observed
refiections 707, R, =0.037. S B B

* Mixed occupancy site; ‘(1) Sr, 0.76(1) Nd.
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dependence is fairly linear, but near T, there is a region. of

positive curvature which, along with the resistivity foot, we

attribute to small inhomogeneities in the metal-and/or oxygen

distribution. The scale of the resistivity is a factor of ten greater

than for previous oxide superconductors. It is not yet clear

whether this is an intrinsic property.

. A typical resistivity curve for a ceramics sample is shown in

the inset to Fig. 3, illustrating the typically broad transitions

observed. The transition in this sample begins at 79 K (arrow)

but zero resistance is achieved (within instrumental accuracy)

as 32 K. Note that the resistivity scale is again quite high. We

attribute the breadth of the transition and the negative normal-
state temperature -coefficient to inhomogeneity in the metal

and/or oxygen distribution, rather than to exogenous phases at
the gtain boundaries. The behaviour of this system seems to be
very similar to that.of (La,Sr),CuO, (ref. 4). : ]

: Electrb’nic. aspects

Given that the average formal copper valence of previously
known superconductors has always been greater than +2, the

new superconductors are unique and, at first sight, anomalous.

For the series Pb,Sr,Y,..Ca,Cu,04, the average formal copper
valence increases from 1.67 in the non-superconducting x =0
member to ~1.92 at the maximum Ca concentration studied.
.At our current estimate of the optimal superconducting composi-
tion (x=0.5), the average formal valence is 1.83. The linear
- cootdination of the copper atom sandwiched between the PbO
sheets, characteristic of Cu'*, and the probable electronic isola-
. tion of this Jayer from the conducting CuO pyramidal planes,
jmply . that the formal ‘charge formulation becomes
Pb,Sr;YCu'*Cu3*0; in the non-superconducting compound.
Wheén Ca is substituted for Y, we propose’ that holes are
.accommodated only in the CuO; planes, and at the x=0.5

stoichiometry the formal charge formulation becomes -

. P;SrY, sCagsCu'*Cu3*** Oy, which is consistent with the cur-

pted 28 October 1988, -

‘Bedpors, .G, & Maller, K. . Z Phys. BG4, 189-193 (1986). . :
Samtpro, A Beech, F., Marezio, M..& Cava, R J. Physies C (fn the press). -
o, 5 P 2 P R b 61, 005 oy
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Fig. 3 Resistivity in the a-b plane as a function of temperature

for a single crystal of Pb,Sry(Dy,Ca)Cu;0g,. Inset, typical tem-

perature-dependent resistivity for a polycrystalline sample of
Pb,Sr;(Y,Ca)Cuy 0.

rent assumption for previously known high-T, materials that
holes are present in the CuOs pyramidal planes.

For Pb,Sr2ACu;034s compounds with §> 0, excess oxygen
must be accommodated near the Cu'* planes, and a more
complex hole-doping scheme may be operating. We expect that
in that case the compound does not respond in-a simple fashion
to the change in charge through doping of a rigid band; the
oxygen inserted in the bonding neighbourhood of the reduced
Cu.and Pb ions may create the electronic states in which the
charge is partly or fully accommodated.

This new family of compounds has a unique crystal structure,

yet it also reflects a concept common to all copper-oxide-based
superconductors. By now it is well established that superconduc-

" fivity is associated with layers of Cu-O octahedra, pyramids

and squares. The remaining structural building blocks are seen
as the electron acceptors which induce the boles necessary for
superconductivity in the Cu-O layers. For YB2;Cu;044 s, for
example, we have shown in detail how the CuQ; chains act as

" charge reservoirs, and how superconductivity depends on charge

transfer between chains and planes’, .
To illustrate the concept of local charge distribution, onc may
rewrite the formulae of the high-T, copper-oxide superconduc-

tors as follows: YBa,Cu;OJfCu0,); Sr;CaCu04[Bi 0.k

BazcaazoJ“iOz]; Srz(Y, Ca)Cu;Oo[Pb;ClIOpg]; where the
structural components in square brackets act as reservoirs which
control the charge on the superconducting Cu-O planes. The

PbO-CuO,-PbO reservoir layer is likely 1o be exceptionally .

flexible in accommodation of charge, and we therefore expect
that ‘a relationship between T, and oxygen stoichiometry as
unusual as that for YBa,Cu;04.5 will eventually be observied.
The wide ranges of metal-atom and oxygen-atom stoichiometries
in this new family of superconductors are of considerable inter-
ést, and warrant further study with the aim of understanding
and optimizing the superconducting propeities. -~ - .

We thank D. W, Murphy and K. Rabe for helpful discussions.
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3.0 Einleitung

The perovskites form a family of compounds
having a crystal structure similar to that of the
mineral perovskite, CaTiO,. There are two classes
of materials crystallizing with this general structure
type: primarily ionic materials having the ideal
chemical formula ABX,, (A = larger cation, B =
smaller cation, X = anion), and alloys having the
ideal formula MeXME, (X = interstitial atom, M¢
and Mf are metal atoms). Of these two classes, the
former is much larger and the more important.

The stability of the ABX, perovskite structure
is primarily derived from the electrostatic (Made-
lung) energy achieved if cations occupy corner-
shared octahedra. Thus the first prerequisite for a
stable ABX, perovskite is the existence of stable,
polar octahedral-site building blocks. This, in turn,
requires that the B cation have a preference for
octahedral coordination and that there be an effec-
tive charge on the B cation. Since any A cation
must occupy the relatively large anionic interstice
created by corner-shared octahedra, a second pre-
requisite is an appropriate size for the A cation.
Where it is too large, the B-X bond length cannot
be optimized, and hexagonal stacking with face-
shared octahedra becomes competitive. Where the
A cation is too small, A-X bonding stabilizes struc-
tures having a smaller anionic coordination about
the A cation. Thus ABX, perovskites are common-
ly found in fluorides and oxides having B cations
with a preference energy for octahedral coordina-
tion. By contrast, the chlorides and sulfides, having
larger anions, not only require the largest A cations,
but also form layer structures, where the A cations
are missing, because they have anionic d orbitals
energetically available for orbital hybridization.

There are many perovskite-related structures,
and these have been included in these tables. For
example, the structure can tolerate mixed systems
such as A,_;A;BX; and AB,_,B;X, A-cationic
vacancies [J as in [J,-;A;BX,, and cationic order-
ing as in A,BB'X,.  Although anion-deficient
perovskites have been reported many times, the
anion vacancies @ are probably not distributed
randomly. In compounds containing Fe** ions, for
example, they appear to condense in pairs at indi-
vidual B-site octahedra to convert the local anion
interstice from an octahedron to a tetrahedron. In

*} This work was sponsered by the U. S. Air Force.

3 Crystallographic and magnetic propetties of perovskite and
perovskite-related compounds*)

3.0 Inttoduction — Einleitung

3.0.1 General remarks — Allgemeines

Die Perowskite sind eine Gruppe von Verbin-
dungen mit der gleichen Kristallstruktur wie das
Mineral Perowskit, CaTiO Man unterscheidet zwei
Klassen von Substanzen, die in diesem allgemeinen
Strukturtyp kristallisieren: in erster Linie Ionen-
verbindungen mit der idealen chemischen Formel
ABX, (A = gréBeres Kation, B = kleineres Kation,
X = Anion) und Legierungen mit der idealen
Formel MeXMi (X = Zwischengitteratom, M® und
Mf — Metallatome). Von diesen beiden Klassen ist
die erstere wesentlich umfangreicher und wichtiger.

Die Stabilitit der ABX,-Perowskitstruktur be-
ruht in erster Linie auf der elektrostatischen (Made-
lung-) Energie, die dann zustande kommt, wenn
Kationen Oktaeder mit gemeinsamen Ecken be-
setzen. So ist die Existenz von stabilen, polaren
Olktaeder-Bausteinen die erste Vorbedingung fiir
ein stabiles ABX,-Perowskit. Dies wiederum er-
fordert, daB das B-Kation die Oktaeder-Koordina-
tion bevorzugt und daB beim B-Kation eine effek-
tive Ladung existiert. Da ein jedes A-Kation die
relativ groBe Anionen-Liicke besetzen mu8, die
zwischen Oktaedern mit gemeinsamen Ecken ent-
steht, ist die passende GroBe des A-Kations die
zweite Vorbedingung. Wenn das A-Kation zu groQ
ist, 1iBt sich der optimale B-X-Bindungsabstand
nicht erreichen, und eine hexagonale Packung von
Oktaedern mit gemeinsamen Flichen kann ebenso
auftreten. Wenn das A-Kation zu klein ist, ergibt
die A-X-Bindung Strukturen mit einer kleineren
Anionen-Koordination um das A-Kation. Daher
sind ABX,-Perowskite gewdhnlich unter den Fluo-
riden und Oxiden zu finden, in denen die B-Kati-
onen Oktaeder-Koordination energetisch bevor-
zugen. Dagegen erfordern Chloride und Sulfide,
die groBere Anionen haben, nicht nur die groBten
A-Kationen, sondern sie bilden, weil sie anionische
d-Elektronenbahnen mit der richtigen Energie fiir
eine Bahn-Hybridisierung haben, auch Schicht-
strukturen, bei denen die A-Kationen ganz fehlen.

Es gibt viele dem Perowskit verwandte Struk-
turen, die in diese Tabellen aufgenommen wurden.
Zum Beispiel konnen gemischte Systeme wie
A,_;A.BX, und AB, ,B;X; mit dieser Struktur
auftreten, weiter A-Kationenliicken [] wie in
0,-zA:BX; und geordnete Kationen wie in
A,BB'X, Uber Perowskite mit Anionenliicken
ist schon hiufig berichtet worden, vermutlich
sind die Anionenleerstellen @ nicht willkiirlich
verteilt. In Verbindungen, die Fe3+-Ionen enthal-
ten, scheinen sie z. B. paarweise im Oktaeder eines
einzelnen B-Platzes zusammenzutreffen und die

[Lit. S.275
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3.0 Introduction

compounds containing Ti¢+ jons, on the other hand,
it is more probable that local rearrangements of the
anions form trigonal bipyramidal sites. Anion-
deficient, ionic materials in which there are no A-
cations, such as [JWO,_;, have been shown to
contain [JBX, blocks connected by “shear’’ planes
across which the occupied octahedra share common
edges (Fig. 22). On the other hand, anion defi-
ciencies may occur randomly in the M°X, M{
alloys. B-cation defects cannot occur, because the
B-occupied octahedra form the basis of the ABX;-
perovskite structure. Where there are apparent B-
cation vacancies, as in A, By, Xsp, there is either
aninterleaving of perovskitelayers with A,X, layers
(Fig. 23) or an interleaving of cubic (perovskite)
stacking of AO,layers with regularly spaced hexago-
nal stackings at which are located the B-ion vacan-
cies (Fig. 24). Similarly, the series of compounds
(AX) {ABX,), crystallize with an interleaving of
rocksalt layers (Fig. 25). Interleaving of cubic-
stacked AQj, layers and hexagonal-stacked layers
also occurs in ABX, compounds having too large
an A cation to be accommodated by the perovskite
structure (Fig. 3). Finally, there are a few alloys
with interesting magnetic properties that can be
classified as A,BB'X, compounds if the symbols B
and B' are allowed to represent atomic clusters
rather than single cations. These are illustrated,
for example, by the alloy Al,(AlCo,,)(Cog)B, (Fig.
18). Sections 3.1and 3.2 are devoted to descriptions
of the perovskite and perovskite-related structures.

The ABX, perovskites exhibit several interest-
ing physical properties such as ferroelectricity (as in
BaTiQ,), ferromagnetism (as in SrRuO,), weak
ferromagnetism (as in LaFeO, or HoFeQ,), super-
conductivity (as in SrTiO;_;), a large thermal con-
ductivity due to exciton transport (LaCoQ,), insu-
lator-to-metallic transitions of interest for thermis-
tor applications (as in LaCoQ;), fluorescence com-
patible with laser action (as in LaAlO,:Nd), and
transport properties of interest for high-tempera-
ture thermoelectric power (as in La,CuQ,). A few
ABX, perovskites have been found that are si-
multaneously antiferromagnetic and ferroelectric
[(Sm 16, Mi7, Sm9). The simultaneous occurrence of
ferroelectricity and ferromagnetism has been report-
ed for systems like Sry,La, ,;MnO,-ATiO; (A =
Ba, Pb, Bi, K, ;) [To3, To6]. Many of the MexXMS
perovskite alloys are ferromagnetic or ferrimagnetic,
and a few exhibit first-order ferrimagnetic-to-ferro-
magnetic transitions. Nevertheless, the significance
of the entire perovskite family for the field of
magnetism*) lies not yet in their technological
applications, but in their provision of an isostruc-
tural series of compounds having outer d electrons
that are localized and spontaneously magnetic in

*) The technologically important dielectric properties are
outside the scope of this summary. See Vol. ITIf3 of the
New Series of Landolt-Bornstein.

dortige Anionentiicke von einem Oktaeder in einen
Tetraeder umzuwandeln. Bei Verbindungen, dic
Ti¢+-Ionen enthalten, ist es dagegen wahrschein-
licher, daB die lokale Anordnung der Anionen tri-
gonale Doppelpyramiden-Plitze bildet. Fiir Ionen-
verbindungen mit Anionenliicken, die keine A-
Kationen haben, wie [JWO;_,, ist gezeigt worden,
daB sie [JBX,-Blécke enthalten, die durch ,,Gleit"-
ebenen verbunden sind, in denen die besetzten
Oktaeder gemeinsame Kanten innehaben (Fig. 22).
In M°X,_,M{-Legierungen kénnen jedoch Anionen-
liicken auch beliebig auftreten. B-Kationenliicken
koénnen nicht vorkommen, weil die von B besetzten
Oktaeder die Basis der ABX,-Perowskitstruktur
bilden. Wo scheinbare B-Kationenleerstellen auf-
treten, wie in A;By—;Xem, sind entweder A,X,-
Schichten zwischen Perowskitschichten eingescho-
ben (Fig. 23), oder kubische (Perowskit-) Anord-
nungen von AO,-Schichten wechseln mit regel-
miBig verteilten hexagonalen Anordnungen, in
denen die B-Ionenliicken auftreten, ab (Fig. 24).
Ahnlich kristallisieren die Verbindungen der Reihe
(AX),(ABX,), mit einer Einschiebung von Stein-
salzschichten (Fig. 25). Einschiebungen von ku-
bisch gepackten AO,-Schichten und hexagonal ge-
packten Schichten treten auch in solchen ABXj;-
Verbindungen auf, deren A-Kation fiir die Perows-
kit-Struktur zu groB ist (Fig. 3). Schliellich gibt
es einige wenige Legierungen mit interessanten
magnetischen Eigenschaften, die als A,BB'X,-
Verbindungen eingeordnet werden konnen, wenn
man unter den Symbolen B und B' Atomgruppen
statt einzelner Kationen versteht, Dies gilt z. B.
fiir die Legierung Al,(AlCo,,)(Co,) B, (Fig. 18). Die
Abschnitte 3.1 und 3.2 sind der Beschreibung der
Perowskit- und verwandter Strukturen gewidmet.

Die ABX,-Perowskite weisen einige interessante
physikalische Eigenschaften auf, wie Ferroelektrizi-
tit (in BaTiO,), Ferromagnetismus (in SrRuOg),
schwachen Ferromagnetismus (in LaFeO, oder
HoFeQ,), Supraleitfihigkeit (in SrTiO,-;), grofe
Wirmeleitfahigkeit durch Excitonentransport (in
LaCoOQy), fiir Thermistoren interessante Uberginge
zwischen Nichtleiter und metallischem Leiter (in
LaCoO,), fiir Laser-Anwendungen geeignete Fluo-
reszenz (in LaAlO4:Nd), und Transporteigenschaf-
ten, die fir Thermospannungen bei hohen Tempera-
turen von Interesse sind (in La,CuO,). Einige wenige
ABX,-Perowskite wurden gefunden, die sowohl
ferromagnetisch alsauch ferroelektrisch sind [Sm76,
Mi7, Sm9]. Das gleichzeitige Auftreten von Ferro-
elektrizitit und Ferromagnetismus wurde bei
Systemen wie Srggla, MnO,-ATiO; (A = Ba,
Pb, Biy K, 5) [Te3, To6] beschrieben. Viele MeXMf-
Perowskitlegierungen sind ferromagnetisch oder fer-
rimagnetisch, und einige zeigen Ubergidnge erster
Ordnung von Ferri- zu Ferromagnetismus. Trotz-
dem liegt die Bedeutung der gesamten Perowskit-
Familie fir den Magnetismus*) noch nicht in der
technologischen Anwendung, sondern im Vorhan-
densein einer isostrukturellen Reihe von Verbin-

*) Die technologisch wichtigen dielektrischen Ligenschaf-
ten liegen nicht im Rahmen dieser Zusammenstellung.
Siche Band I!I/3 der Neuen Serie des Landolt-Bornstein.
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3.0 Einleitung
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one member, collective and spontaneously magnetic
in another, and collective and Pauli paramagnetic
in yet another. This permits a systematic experi-
mental investigation of the properties of the d elec-
trons on passing through the transition from a
localized character, where crystal-field plus super-
exchange andjor double-exchange theories apply,
to an uncorrelated (except below a superconducting
transition temperature) collective-electron charac-
ter, where the conventional band theory applies.
In addition, the simplicity of the perovskite ABX,
structure minimizes competitive magnetic inter-
actions between neighboring magnetic cations.
Therefore from a study of magnetic order, as re-
vealed by neutron diffraction, together with de-
tailed structural information, as revealed by x-ray
diffraction, it has been possible to test the semi-
empirical rules for 180° cation-anion-cation iso-
tropic superexchange interactions between localized
electrons, the double-exchange hypothesis, anti-
symmetric exchange, and predictions of magnetic
order and spontaneous atomic moments duc to
collective electrons.

Section 3.3 presents the general phenomenologi-
cal exchange Hamiltonian for localized electrons
and summarizes the microscopic models for iso-
tropic superexchange, double exchange, and anti-
symmetric exchange. From these models, general
rules for the interactions responsible for magnetic
order are developed for comparison with the tabu-
lated magnetic data.

Section 3.4 presents the fundamental physical
concepts needed to construct a gualitative phase
diagram for the outer d electrons as a function of
the number #; of electrons per relevant orbital, the
magnitude of a nearest-neighbor transfer energy b,
and the temperature T. It also summarizes the
various characters of several physical properties
imparted by outer electrons to show how they can
be used to distinguish the electronic phases in differ-
ent perovskites. Information from the tabulated
data is used to show the influence of covalence and
intra-atomic exchange, which help determine the
parameter b, on the character of the electrons.
Spontaneous collective-electron magnetism is seen
to occur only in a narrow transitional interval of b
between localized-electron magnetism and collec-
tive-electron Pauli paramagnetism.

Section 3.5 provides schematic energy diagrams
for the alloys M®XMf. These are shown to be useful
guides to predictions of the magnitudes of the
atomic moments and the magnetic order.

dungen mit HuBeren d-Elektronen, die lokalisiert
und spontan magnetisch in der einen Verbindung,
kollektiv und spontan magnetisch in einer ande-
ren, und kollektiv und Pauli-paramagnetisch in
noch einer weiteren sind. Dies erlaubt systema-
tische experimentelle Untersuchungen der Eigen-
schaften der d-Elektronen, indem man von einem
lokalisierten Zustand, in dem Kristallfeld plus
Superaustausch- und/oder Doppelaustausch-Theo-
rien gelten, zu einem Zustand unkorrelierter Kollek-
tivelektronen (auBer bei Temperaturen unterhalb
des Ubergangs zur Supraleitung) iibergeht, in dem
die konventionelle Bindertheorie anzuwenden ist.
Weiterhin fiithrt die Einfachheit der Perowskit-
ABX,-Struktur zu minimalen konkurrierénden
Wechselwirkungen zwischen benachbarten magne-
tischen Kationen. Aufgrund der Untersuchung der
magnetischen Ordnung, die man durch die Neutro-
nenbeugung kennt, und einer genauen Kenntnis der
Struktur, wie man sie durch Roéntgenbeugung
gewonnen hat, war es deshalb moglich, die halb-
empirischen Gesetze iiber die isotrope 180°-Kation-
Anion—Kation—Superaustausch—Wechselwirkung
zwischen lokalisierten Elektronen, die Doppelaus-
tausch-Hypothese, den antisymmetrischen Aus-
tausch und Voraussagen fiir magnetische Ord-
nung und spontane Atom-Momente, die von Kollek-
tivelektronen herrithren, zu priifen.

 Der Abschnitt 3.3 enthiilt den allgemeinen phi-
nomenologischen Hamilton—-Austausch-Operator
fiir lokalisierte Elektronen und faft die mikroskopi-
schen Modelle fiir den isotropen Superaustausch,
den Doppelaustausch und den antisymmetrischen
Austausch zusammen. Aus diesen Modellen werden
allgemeine Regeln fiir die Wechselwirkungen, die
fiir die magnetische Ordnung verantwortlich sind,
zum Vergleich mit den tabellierten Daten ent-
wickelt.

Der Abschnitt 3.4 enthilt die grundlegenden
physikalischen Ideen, die fiir die Herstellung eines
qualitativen Phasendiagramms fiir die dufleren d-
Elektronen als Funktion der Elektronenzahl #; pro
betreffenden Bahnzustand, der Gré8e einer Uber-
tragungsenergie b zwischen ndchsten Nachbarn und
der Temperatur T notwendig sind. AuBerdem wer-
den hier verschiedene Charakteristika einiger durch
die iuBeren Elektronen gegebenen physikalischen
Eigenschaften zusammengestellt, um zu zeigen, wie
man mit ihrer Hilfe die elektronischen Phasen ver-
schiedener Perowskite unterscheiden kann. Auf
Grund der tabellierten Werte wird der Einflull von
Kovalenz und intra-atomarem -Austausch, die
den Parameter b mitbestimmen, auf den Charakter
der Elektronen gezeigt. Spontane Magnetisierung
der Kollektivelektronen tritt, wie man sieht, nur in
einem schmalen Ubergangsintervall von b zwischen
dem Magnetismus lokalisierter Elektronen und dem
Pauli-Paramagnetismus der Kollektivelektronen
auf.

Der Abschnitt 3.5 enthilt schematische Energie-
diagramme fiir die Legierungen M°XM£. Es wird ge-
zeigt, daB sie zu brauchbaren Voraussagen iiber die
GroBe der Atom-Momente und die magnetische
Ordnung fithren kénnen.
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275 Ref. p. 275] . 3.0 Introduction .
ert In the introductions to the sections 3.2--3.5 In den Einleitungen zu den Abschnitten
g, we have referenced the principle theoretical contri- | 3.2:--3.5 haben wir die grundlegenden theoretischen
ie- . bution discussed, but no attempt was made to do | Beitrige, die diskutiert werden, mit Literaturhin-
in : this systematically for the experimental contribu- | weisen versehen; fiir die experimentellen Beitrige
1a- tions, which are thoroughly referenced in the ta- | haben wir dies nicht systematisch durchzufiihren
=n- bles. — In the crystallographic tables, the crystal | versucht, da die entsprechenden Tabellen voll-
em parameters quoted either represent the most com- | stindig mit Literaturhinweisen versehen sind. —
lus plete analysis, in our judgment, or belong to the | In den kristallographischen Tabellen stellen die an-
€o- most complete set of parameters for a series of | gefithrten Kristallparameter entweder die nach
ek- similar compounds. They do not necessarily re- | unserer Beurteilung vollstindigste Analyse dar,
alb present the historical reference that established the | oder sie gehdren zum vollstindigsten Satz von
em unit-cell dimensions. Parametern fiir eine Reihe dhnlicher Verbindungen.
ist. Sie geben nicht notwendigerweise den historischen
«t- Literaturhinweis, der die Dimensionen der Ein-
ien heitszelle festlegte.
g:; Literature was considered up to 1969. Die Literatur wurde bis 1969 beriicksichtigt.
‘ro- Finally, we would like to thank Davip MaHo- SchilieBlich méchten wir Davip MAHONEY fiir
der NEyY for his willing assistance, the library and publi- | seine bereitwillige Hilfe, den Angestellten der Bi-
ng cations personnel of Lincoln Laboratory for their | bliothek und der Verdifentlichungsabteilung des
b- efficient support, and Mrs. G. E. Boyp for her help | Lincoln-Laboratoriums fiir ihre wirksame Unter-
on- i with all the foreign references. stiitzung und Mrs. G. E. Bovp fiir ihre Hilfe bei der
ang : ausldndischen Literatur danken.
Lus-
aus-
xd- 3.0.2 Symbols and units used in tables and figures
lek Crystallographic structure
thi- symmetry symmetry classification for perovskite structures: C = cubic, H = hexagonal,
wtor — rhombohedral, O = orthorhombic (a < ¢//2), ©O' = orthorhombic
:fli— (Q/Vé < a), T = tetragonal, M = monoclinic, Tr = triclinic
h er; a, b, c[A] lattice parameters _ )
den x, B, y [deg] angle between.crysta.lllo.graphlc axes
die Gtrans, Oora [°K] crystallographic transition and ordering temperatures
o
ind, Op[ Ko] Debye temperature
ent. Tret [°K] melt{ng temperature
Cyj elastic constants
& crystalline strains
iden 7,88 [A) radius of A, B, B' cation
ines
n d- . . .
pro Magnetic properties (static measurements)
ber- magnetic order see magnetic structure type from Fig. 26
und ny, 1A atomic moment and component of atomic moment parallel to net ferromagnetic
wer- moment in numbers of Bohr magnetons: p, = n,ug
urch T net magnetization per molecule in numbers of Bohr magneton: p,, = %, pp
*hen Netr Nefr = V8Cn is the effective paramagnetic moment: per = Negr kB
L wie 0 [°K] Curie temperature
ver; Oy [°K] Néel temperature; extrapolated Néel temperature
Au 0, [°K] temperature for spin reorientation
V(?.I; 0, (°K] paramagnetic Curie temperature (&, < 0 if antiferromagnetic coupling)
Kk telar ®' [°K] temperature below which parasitic nn deviates appreciably from 0.05
: Cp [emu °K mole™?] molar Curie constant determined from Curie-Weiss law y,, = Co,/(T — &)
rung xg [emu/g], [cm®/g] specific paramagnetic susceptibility
u; mn Zm [emu/mole] molar paramagnetic susceptibility '
cdee;ﬁ pa P2 (e8] atomic moment, atomic moment of element A
onen b PV molecular moment (of molecule xy)
* effective paramagnetic moment: p* = Vx,, T
rgie- Jon/k [°K] isotropic exchange constant of Eq. (16) for near-neighbor interactions
d ge- d Ln-Fe interaction parameter defined by
T die M(t) = 6,(0) B(¢) [1 + (2/t)], where ¢ = T]@¢ and B (¢) is the Brillouin function
ische oy [erg/cm?] domain wall energy density
Wan net near-neighbor Weiss molecular field constant: Hy = Z,' Wy M;
Goodenough/Longo 129
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{ [Gauss cm®/g)
? \lemu/g]
0, [emu/g)

Osp
H, [Oe]
Herg (Oc]

H,
o
by, by [dyn/cm?]

100

Cijx

KB
T [erg/g)

N b

e AL
Fy, Gy

vg [Hz]

Ay [Hz)
T, [sec]
T, [sec]
The [seC]

n
€o

o [°fcm]

vy, vro [Hz]

u [cm?[Vsec]

magnetic moment per gram = specific magnetization

specific parasitic (weak) magnetization as obtained from ¢ = ¢4 + xgH,

spontaneous specific magnetization

externally applied field

critical applied field for antiferromagnetic-ferromagnetic transition or for spin-
flop transition

cocrcivity

cant angle

magnetoelectric coefficients

magnetostriction constant for [100] direction: 4,5 = —4b,/3(¢y, — C12)

components of the tensor describing the quadratic dependence of magnetization
on applied field: Eq. (36)

the Bohr magneton = 5585 cmu/g

torque: T = oxH,

Magnetic properties (resonance measurements)

effective crystalline-anisotropy field

exchange field

spin-canting field (Dzialoshinskii field)

internal magnetic field at the nucleus

axial hyperfine field arising from nuclear polarization

hyperfine field I-A-S, where I = nuclear spin, § = net atomic spin, and the
components of the interaction tensor are Ag, Ans. Ay, AL Ay

fraction of unpaired s, p, or p, electron spins involved in covalent bonding:

JA = 2SA. A = § NIA JA = 2SA,/Ap = }NIL f2 = 25A./Ap = 1 NiA,
See Eq. (4) for N, Ny, 4,, 4,5, An.
nuclear quadrupole coupling constant and quadrupole splitting
: ]

dipolar and quadrupolar magnetoelastic coefficients: dgi = 2 Fije; and
6 =1 .

j=

dy = X Gyej, where Hgpinaattice = g o~ ég-S+8-d-S
i=1

resonance frequency for NMR

half-line width

nuclear spin-lattice relaxation time

nuclear spin-spin relaxation time

nnclear spin-lattice relaxation time during a locking pulse

Optical measurements

index of refraction

low-frequency dielectric constant

Faraday rotation .

frequency of transverse and longitudinal optical modes

Transport measurements

superconducting critical temperature
Fermi energy

activation energy for a small-polaron hop
electrical resistivity

Seebeck coefficient

magnitude of the electronic charge
charge-carrier density

charge-carrier mobility

© [sec] charge-carrier collision time
m* [g] charge-carrier effective mass
D, [cm?/sec] charge-carrier diffusion coefficient at E, = 0
Ny density of unoccupied states: 2(2nm} k T/h%)¥/?
General properties
T {°K] temperature
b pressure
cp specific heat at constant pressure
130 GoodenoughfLongo
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3.1 ABX, perovskite structt!

75
Abbreviations for text and indices

AFMR antiferromagnetic resonance
APR acoustic paramagnetic resonance
BPW Bethe-Peierls-Weiss method

n- C, cub cubic
DS Danielson-Stevens method
DTA differential thermal analysis
ESR electron spin resonance = paramagnetic resonance
f.c. face-centered permutation
FMR ferromagnetic resonance

n Fgp ferromagnetic with reduced n,
H, hex, hex (nL) hexagonal, hexagonal n-layer structure
ILR. infrared
Ln Lanthanon = any of the rare-earth elements
MF molecular field approximation
M, mon monoclinic
NAR nuclear acoustic resonance
NMR nuclear magnetic resonance
ncub noncubic
0, 0', orth orthorhombic (0: a < c/VI—Z; o' a/VE < a)
P&S reference to preparation and structural information
Prep. reference to material preparation

he Prop. reference to material properties

) pscub pseudocubic

8: psmon pseudomonoclinic

G R, th rhombohedral
RW Rushbrooke-Wood method
S.G. space group
S.S. solid solution
T, tetr tetragonal
Tr, tr triclinic

3.1 Descriptions of stoichiometric ABX,; and M°XM; structures

3.1.1 The ideal perovskite structure

The ideal perovskite structure has the cubic unit cell of Fig. 1 with space group Pm3m. Fig. 1(a)

shows the corner-sharing octahedral units (BX, array in ABX; and XMfarray in M®XM{), which form the
stable skeleton of the structure. The A cation (or M® atom) occupies the body-center position. Fig. 1(b)
shows the unit cell with the A cation (or M° atom) at the origin, or corner position. This shows the face-
centered-cubic character (with Cu;Au-type order) of the AX; or M*M{ subarrays. Fig. 1(c) shows the cubic
perovskite on an hexagonal basis, with the ¢ axis along the cubic [111] direction. The alternate AXyand B
jonic layers each have cubic stacking. Also indicated is the ordering of B and B' layers in the ordered
A(BysByss) X structures.

a )] c
Fig. 1. ABX,, MeXM£, Ideal perovskite structure: a) B cation (or X atom) at origin. b) M¢ atom (or A cation) at origin.
¢) A cation at origin in hexagonal basis [Ga10].
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3.1 ABX, Perowskit-Struktur [Lit. S. 275

The alloys MCXM{ are stabilized by covalent M-X bonding and by metallic M-M bonding, so that they
are generally cubic. Only in phases exhibiting complex magnetic order are there distortions to lower
symmetry. On the other hand, the ABX, perovskites, which are primarily stabilized by the Madelung
energy, are rarely cubic at normal temperatures. Madelung energy calculations are available [Ro 15a,
Sa2b, Mif].

Although cubic at high temperatures, most ABX, compounds exhibit distortions to lower symmetry
below some temperature Oyaps as a result of atomic displacements. Such displacive transitions can be
described by a finite set of normal vibrational modes that become soft, their vibrational frequency in-
creasing with T > Oyaps. From LANDAU's (La2] theory of phase transitions, it may be argued [Hal, Co2]
that at a second-order displacive transition, the frequency of one normal mode becomes zero. Thus the
occurrence of ferroelectricity in perovskite-type crystals suchas BaTiOj; has been correlated both theoreti-
cally and experimentally [An2, Col, Bal7, Co28, Ne8, Sh26)] with the existence of a transverse optic mode
of lattice vibration having wave number 2 =~ 0 and a temperature-dependent frequency @ ~ (T — Otrans) /2.

Similarly, in the case of LaAlQ, softening of a single normal mode can produce the R3c-to-cubic
transition, and this transition is probably second-order. Investigation [Hal] of the atomic displacements
involved in other distortions from cubic symmetry, on the other hand, has shown that several normal
modes are involved, and these displacive transitions are first-order.

StTiO, exhibits a tetragonal (D}§ with c/a = 1.00056) to cubic transition at Oyans = 110 °K [Ly2, Ri5]
that appears to illustrate the softening of a triply degenerate phonon at the R point of the Brillouin zone
in the cubic phase. For T < Otraps, it splits into two zone-center phonons having a frequency depen-
dence w ~ (@trans — 1) [FI2]. In the presence of an external electric field E, the symmetry is further
reduced to C,y if E, || c-axis, or Cyy if E L c-axis, and the critical modes have the same symmetry as
the ferroelectric TO modes. ‘‘Anticrossing” of the modes occurs for E, = 1.5 kV/cm and 15 kV/cm [NeZ,
Wo19). Thus the observed [He5] maximum in the electric susceptibility of StTiO, at very low tempera-
tures does not appear to be associated with a ferroelectric transition.

Theoretical interest in the analytic description of these phase transitions continues [Gola, Mu4a,
Tat4a, Th3).

The physical origins of the various crystallographic distortions may be separated into three parts:
relative jonic sizes, electron ordering among localized clectrons, and clectron ordering among collective
electrons.

3.1.2 The influence of relative ionic sizes

3.1.2.1 Tolerance factor

The first prerequisite for a stable perovskite structure is the existence of a stable BX, skeletal subarray.
If the B-cation radius is rg < 0.51 £ in oxides, for example, the B cation does not achieve its optimum
B-O separation in an octahedral site and therefore stabilizes a structure with a smaller anion coordination.
The Al3+ jon is borderline, being stable in four, five or six coordination. However, Ga®*, Gett and V3+
ions are definitely more stable in tetrahedral sites at ambient pressures.

Given the BX, skeletal subarray, additional stabilization is achieved by accommodating a large A
cation ‘within this skeleton. Because there is an optimum A-X bond length, the presence of an A atom
generally distorts the BX, array so as to optimize the A-X bonding. However, if this distortion is too large,
then other space groups become competitive. GOLDSCHMIDT [Go2] defined the tolerable limits on the size
of the A cation via a tolerance factor :

t=(ra + r0/V2 (rs + %) ¢y

where 7,, rp, 7x are empirical radii of the respective ions. By geometry, the ideal cubic structure should
have { = 1. The perovskite structure occurs only within the range 0.75 < ¢ < 1.00. However, this is not
a sufficient condition, since the A and B cations must, in themselves, be stable in twelvefold (120r8 + 4 or
6 + 6) and sixfold coordinations. This sets lower bounds for the cationic radii. In oxides these bounds
arery, > 0.90 Aandrg > 0.51 A. In addition, MEGaw [Me5] noted that, if 0.75 < ¢ < 0.9, a cooperative
buckling of the corner-shared octahedra to optimize the A-X bond lengths enlarges the unit cell; on the
other hand, if 0.9 < ¢ < 1, such buckling may not be found, although small distortions to rhombohedral
symmetry occur. These structures are to be distinguished from perovskites that exhibit additional distor-
tions as a result of electron ordering. The cubic phase is found at high temperatures or where the A-X
bond is more ionic (especially if ¢ ~ 1).

Where the A cation is too small (r, < 0.9 A) to accommodate twelve nearest neighbors, a structure in
which the A and B cations are both six-coordinated becomes competitive. From the phase diagram of
Fig. 2 for the oxides A*+B3+0,, which has been adapted from SCHNEIDER, RoTH, and WARING [Sc13], the
initial competition is the C-M,0O; structure, which contains two unusual types of corner-shared, six-
coordinated sites. The C-M,0, structure consists of a face-centered-cubic array of cations with anions
occupying # of the tetrahedral interstices in an ordered manner. Thus each cation has six out of eight
near-neighbor anions at the corners of a circumscribing cube: % of the cations have two anions missing at
the ends of a body diagonal and } of the cations have two anions missing at the end of a face diagonal of

the circumscribing cube. This arrangement minimizes the electrostatic repulsive forces between the cations.
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Ref. p. 275} 3.1 ABX, perovskite structure

* BaTiO, structure of Fig. 3(c). Itis a six-layer structure with stacking sequence a-b-c-a-c-b-a, corresponding

12 o
Al mm i ;FonA
P // orfh (/ g1
/ PN A
10 s
3 —N /// ), C+ 8
. . = orfh |} c |
Fig. 2. General r, — rg phase diagram for A3+ B3+ 0, com- ~ P i ! .
pounds based on ionic-size considerations. Exceptions may 06 =+ A A lype rare earfh JXI(?'E ]
occur where considerations other than ionic radii 74,7g { 8 B type rare earth oxide
become important, as in the case A = Bi. A similar plot for g |l ¢ C type rare earfh awide
A Bt 0, perovskites is not useful because secondary con- 0 Corundum relofed
siderations are amplified by ferroelectric distortions and the a5 P Perovshife ~
possibility of different layer sequences where larger A cations P Perouskifz of high pressure
are present. [Adapted from Sc13]. L . 1
at [ 08 0 z Ak

rpit———

Given smaller A cations, however, electrostatic screening between face-shared octahedra can be
achieved by displacements of the cations away from the shared face, and the structure competitive with
perovskite is generally built from an hexagonal-close-packed anion array, which has octahedral holes
sharing common faces along the c-axis. With one octahedral hole per anion and a cation/anion ratio 2/3,
the cations are ordered among these holes so as to minimize the electrostatic energy. If the Aand B cations
carry the same charge, as in A+B3+0,, only pairs of cations share common octahedral-site faces and there
is no ordering of A and B within the cationic array. This allows the electrostatic force between two cations
sharing a common octahedral face to be reduced by displacements of the cations away from each other,
thus distorting the octahedra. The result is the corundum structure of AL,O,. If the cations A and B carry
different charges, as in A2+B¢*Q,, then the A and the B cations order into alternate puckered cationic
(111) planes of the rhombohedral corundum structure to form the ilmenite structure. However, where
there is a large difference in the cationic charges, as in Li+Sb5+0, and LitNbf+0,, two other alternatives
become competitive: (1) The A+ ions order in strings of face-shared octahedra so as to permit the
Bs+-jon octahedra to share only edges with near-neighbor occupied octahedra. Thisstructure is illustra-
ted by LiSbO, [Edf]. (2) After ordering Bs+ and Li+ ions whithin each cationic (111) plane of the corun-
dum structure in such a way that B5+ and Lit ions share common octahedral-site faces, each A+ cation
is then displaced into the far face of its octahedron, where it is equally spaced from BS* cations above
and below so long as the B3+ cations remain in the centers of their octahedra. This is the structure of
paraelectric LINbO, and LiTaO, [4b3]. : '

Where the A cation is too large (¢ > 1.0), the close-packed AX;layers of Fig. 1(c) tend to change their
stacking sequence from cubic to hexagonal. However, the change from the all-cubic stacking of the
rhombohedral perovskite structure to the all-hexagonal stacking of the hexagonal (hex. 2L) CsNiCl,
structure goes via the three intermediate steps shown in Fig. 3 [Lof]. The first step is the hexagonal

to one hexagonal stacking out of three. In this structure (hex. 6L), two-ont-of-three B cations form pairs
sharing a common octahedral-site face, and one-out-of-three B cation shares only common octahedral-site
corners as’in the perovskite structure. Many ordered compounds A;B,B'O, are known to have this
structure. §The second step, illustrated by the hexagonal BaMnO; structure of Fig. 3(d), alternates hexa-
gonal and cubic stackings with the sequence a-b-c-b-a. This four-layer structure (hex. 4L), contains only
B-cation pairs sharing common octahedral-site faces. The electrostatic forces between paired B-cations in
Figs. 3(c), (d) displace the paired cations from one another along the ¢ axis, exactly as in the corundum

4 7
/N /
- /
L
\ Pl b
\
Y /7\
A TJA /o
—I N
// ©
o~
- © 5
7
/
/
”x\
/
7
/
A TAY
k 2
AN vt
a b ¢

Fig. 3. Stable structures intermediate to a) cubic perovskite and b) the two-layer hexagonal CsNiCl, structure, ¢} six-layer
hexagonal BaTiO, structure, d) four-layer hexagonal BaMnO, structure, €) nine-layer hexagonal BaRuO, structure.
{Adapted from Ca2).
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structure. The third step is the nine-layer (hex. 9L) structure of BaRuO, which has two hexagonal
stackings out of three in the sequence a-b-c-b-c-a-¢c-a-b-a. Here the B cations form strings of three sharing
common octahedral-site faces along the c-axis. Electrostatic forces displace the two end-member B cations
away from the center B cation of each string, as shown in Fig. 3(e). Because cubic stacking is stabilized
by hydrostatic pressure, it is possible to convert under pressure and high temperature the hexagonal
structures to the perovskite structure through the successive sequence of steps. Thisis well illustrated by
the Ba,_,Sr,RuO, system as shown in Fig. 4(a). These particular intermediate structures appear to be
stabilized by the cation displacements, but at the cost of alternating the stacking sequence. The (hex. 4L)
structure, which has the maximum alternation of stacking, is not always found, and the intermediate
structures tend to be stabilized by smaller B cations, as illustrated in Fig. 4(b).
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3.1.2.2 O-orthorthombic structure

Cooperative buckling of corner-shared octahedra, although indexed on a monoclinic pseudocell in
earlier work, may produce the orthorhombic primitive cell of Fig. 5 containing four formula units. It was
first identified in single crystals of GdFeO, [Ge!] and later confirmed [Co27]. Powder photographs taken ¥
with CrK, radiation could be indexed on the monoclinic pseudocell containing a single GdFeO, molecule,
which is the origin of the earlier classification. The pseudocell dimensions of GdFeQg area = ¢ = 3.874,

= 3.83 A, § = 92.8°, where 2bpsendocell = Cirve cel: L he true orthorhombic cell is referred to in the tables
as O-orthorhombic and is distinguished from the O'-orthorhombic structure by a lattice-parameter ratio

! ‘>)
—4 X1
e
e /4
//
Ve
@_’___ - ; — Fig. 5. GdFeO,. O-orthorhombic structure.
53 i .y ¢ab =< Bxantr ¢c =g B!XIBS'
| \ /i Fig. from [Ve!2), structure [Gef], coordinates[Co21].
l"c’ \ coordinates
| ion position x ] y ] 3z
e XI | 7/
@_ : A gt | 4@ —0.018 | 0.060 3
B &l SUIaN Fe3+ " 4(b) i 0 0
#3p @ o} 4(c) 0.05 0.470 3
. o} 8(d) -0.29 0.275 0.05

a R
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cla > VE, where a < b. The O'-orthorhombic structure, which has ¢/a < V2, is the result of a super-
posed Jahn-Teller (with or without spin-orbit coupling) distortion. Itis also to be distinguished from ferro-
electric O%-orthorhombic and Of-orthorhombic distortions in which each’ B cation is removed from the
center of symmetry of its interstice. Other orthorhombic distortions have been reported for NdGaO,
[Br26] and NaCoF; [Ok5].

The O-orthorhombic unit cell has the probable space group Pbnm with A cations in positions 4 (c):
+(x, 5,44 —x 4+ y 1), the B cations in 4(b): (3, 0, 0; 4, 0, §; 0, 4, 0; 0, }, }), eight anions Xy in
8(d): +(»,y.z; 4 — 23 +9y.4—2%9y, 4+ +2 L+ x % — y, z), and the remaining four anions Xj in
4 (c). Coordinates for the ions in GdFeQ, are also given in Fig. 5.

The buckling of the corner-shared octahedra decreases the cation-anion-cation angle & from 180°. If
the B cations and the anions are distinguished as B, (4, 0, 0), B;(0, 1, 0), B3(3, 0, ), X} + ». $ — 3. 2),
and Xi(} — » 1 + y, 1), then the two representative angles are @,, = (B, — Xy — By) and &, =
(B, — Xy — B;). GiLLEO [Gi4] has estimated that in La(Co, ;Mn, ¢)O, these angles are @), = 150° £ 3°
and @, = 177° + 3° with B, — Oy = 1.954, B, — O = 2.10A, B, — O; = B, — O; = 1.96 A. The
angles in GdFeOj; are similar.

3.1.2.3 Rhombohedral structures

Where there is no buckling of the octahedra, the perovskites ABX; may have a small deformation
from cubic to rhombohedral symmetry. Where this deformation does not enlarge the unit cell, it is
possible to index it either on a unit cell containing two formula units, as shown in Fig. 6, or on a unit cell
containing one formula unit. The corresponding rhombohedral angles are & ~ 60°or o ~ 90°. Intheearly
literature, detailed anion positions were not known, and it was common to use the smaller cell with
o = 90°. However, the anions are generally displaced so as to require the larger unit cell of Fig. 6,
which has & = 60°.

of LaMl0y

a
Fig. 6. Rhombohedral ABX, structures: a) anion shifts for symmetry R3c; b) the simplest ionic displacements, corre-
sponding to symmetry R3m for ordered A,BB'X, structures having rg’ > rg (RaJ].

Anion displacements from their ideal positions may be of three different types: (1) AX,(111) planes
remain equidistant from neighboring B-cation (111) planes, leaving all the B-cations equivalent. Within
these planes, three A —X distances are reduced and three are enlarged via cooperative rotations of the
B-cation octahedra, as shown in Fig. 6(a). (2) The anions may move within pseudocubic {110} planes
including the B-B axes so as to create two distinguishable B positions: B positions having a shorter B-X
separation and B' positions having a larger B'-X separation. This gives the symmetry R3m, which allows
the A cations to be displaced along the [111] axis so as to make the separations B-A = B'-A. (3} In the
most general case, the anion displacements may be decomposed into R3c and R3m components. The result-
ing symmetry R3 also gives distinguishable B and B' positions via its R3m component

Although the distinction between these possibilities has been determined in only a few cases, it appears
that R3c can be antxcxpated unless there is a physical reason for creating two distinguishable positions B
and B'. This conclusion is based on the fact that LaAlO,; has been shown to have the symmetry R3c by
neutron diffraction, [De74] nuclear quadrupole resonance [Mu5), electron-spin resonance, [K$3] and x-ray
techniques [Ge 4b, Del7]. It is strongly supported by the observation [RaJ] that L.aCoQO; has the symmetry
RSC at low temperatures, where all of the trivalent cobalt are in their low-spin'state, but has the symmetry
R3 at h.lgher temperatures where thermal activation creates a nearly equal populatlon of high-spin and
low-spin cobalt ions. These are crystallographically distinguishable, via different ionic radii, as B and B'.
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3.1.3 The influence of localized-electron ordering
3.1.3.1 Crystal-field theory

Crystal-field theory rests on the assumption that the outer electrons to be described are localized at
discrete atomic positions. This assumption is valid for outer f electrons; it is valid for d electrons in
fluorides and in many oxides. Given this assumption, the Schroedinger equation ¥ v = E y that describes
the localized orbitals and their energies contains the Hamiltonian

9?=9fo+Ve_|+chb+(VLs+Vncub+V1+’2Vu) (2)

where S, is the Hamiltonian for a hydrogen-like, spherical potential, Vg is the atomic correction for
| spherical symmetry that enters if there is more than one outer d electron, and Ve is the energy correc-
tion due to the cubic component of the crystalline fields. For outer 4 electrons, Ve and Vg are generally
~1 eV, and the ion is in a high-spin or a low-spin state depending upon the relative magnitudes of these
two terms. In the case of 3d electrons, the perturbations listed within the parentheses are all <0.1¢eV,
and they must be considered simultaneously. Vis = AL-Sis the spin-orbit coupling energy, and covalent
mixing reduces slightly the parameter 1 from its free-atom value. Vpcap is the noncubic component of the
crystalline field, V, is the elastic coupling energy associated with cooperative local distortions, and Vi is
the magnetic exchange energy coupling localized atomic moments on neighboring cations.

Solution of the zero-order equation 3,y = E y gives hydrogenic wave functions fim = Ri(r) Y6, ¢).
From the spherical harmonics YP*(6, ¢), the d electrons (! = 2) have the following angular dependence

and azimuthal-angular-momentum quantum number m derived from L;f = —i hoffop = mhf:
fa ~ (322 — r3)[r? = (3 cos?6 — 1); m=20
(fp =+ ifg) ~ 2(zx X iyz)/r*? = sin 20 exp(+id); m=+1 3)
(fs £ ifc) ~ (3 —y® £ i2xy)[r® =sin® 0 exp(+124); m = +2

where 8, ¢ are conventional spherical coordinates. The perturbation Vg reflects the fact that outer
electrons of parallel spin are excluded from one another and therefore screen each other less from the
positive atomic nucleus than do those of antiparallel spin. This correction is responsible for Hund’s
highest-multiplicity rule for the free atoms. It influences the radial part of the wave function, and hence
the relative energies of states of different spin, but not the angular part.

Given the cartesian axes at a B cation formed by the principal axes of its octahedral interstice, the
five 4 orbitals of Eq. (3) are separated into two symmetry groups; f, and fg, which are directed along the
cartesian axes toward near-neighbor anions, have E, symmetry and are referred to as ¢g orbitals; f¢, fp.
and fg, which are more stable because they are directed away from the near-neighbor anions, have Ty
symmetry and are referred to as 4, orbitals. The principal contribution to the cubic-field splitting 10 Dq
of T,; and E, energies is due to covalent mixing, not to electrostatic energies as calculated on a point-
charge model. If covalent mixing with the near-neighbor anionic and A-cationic orbitals is introduced,
then the crystalline localized orbitals of #,; and ¢, symmetry become

e = Ne(fe — Ay — la'¢q)

where f, and f, are linear combinations of the atomic fg, fp, fg and fu, fg orbitals. The symmetrized
anionic p,,, s and p, orbitals are ¢, $, and ¢, ; the symmetrized A-catonic s, p orbitals are $,. The covalent-
mixing parameters 4., 4,, Aa, 4, are roughly proportional to the overlap integral for atomic orbitals on
neighboring ions and inversely proportional to their energy separation. Initially, the energy separations of
cationic d and ¢, or @, are given by Ey — Ej, the difference between the Madelung energy and ionization
potentials for the “‘effective’” ionic charges, so that by symmetry

10Dq = Ay + (8 — 1) (Ey — E1). 4 < 4, ()

where Ay is any electrostatic contribution to 10 Dq. The one-electron crystal-field splitting of the d-state
manifold is shown in Fig. 7(a). The relationship 2, < i, has been confirmed by nuclear magnetic
resonance studies of KMnF,, KNiF, and K,NiCrF, [Sh30, Hu4]. In these experiments the fractional
occupancies by unpaired spins of the 25, 2p,, and 2p, orbitals are:

fry =2SA, Ay ~ N3R, fx,=2SA, Asp ~ N3AL [, =2SA,[dsp ~ N{A;
: P [“lep ™

where 4, is the isotropic component and 4, 4, the anisotropic components of the hyperfine interaction
tensor Ay, entering the nuclear spin-electron spin coupling energy ZyI; - Ay - 8. Interpretation of the
phenomenological parameters 1,, 4, and 10 Dq has been discussed extensively [Hu4].

With more than one outer d electron or 4 hole, it is necessary to introduce Ve, which is responsible
for Hund’s highest multiplicity rule (highest net S and L) for the free atoms. For four outer electrons,
the atomic ground term is therefore 3D. In a crystal, this rule may break down as a result of the crystalline

vy = Ny(fi — 2.6 + Aa8a) 4).
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fields. Schematically, the Hund splitting 4., for states of different spin and the one-electron splitting 10 Dq
may be represented on the same energy diagram, as shown in Fig. 7 (b). It follows from this figure that
with four to eight outer 4 electrons, the magnitude of the net ground-state spin depends upon whether
(dex — 10 Dq) is positive or negative. If dex > 10 Dq, the ion is in a high-spin state; if dex < 10 Dq,

Py

Uy“)
2 ||
g (1)
L
ox

G // ——
. % 7 Z 17 % tl.‘:’ M
E a/en 52
log = 0 along carfesian axes Effectie 77777 7 .
e moxima on corfesion axes Alem poinf Lrystal

4 field
. charge

Fig. 7. One-electron crystal-field splitting of the d-state manifold of a transition-metal B cation in a cubic perovskite:
a) d¢y = 0 and b) schematically for 4., # 0, corresponding to more than one outer d electron.

Hund’s rule breaks down and the ion is in a low-spin state. Since g decreases with larger radial exten-
sion of the crystalline wave functions, it decreases with increasing covalent-mixing parameters Ay 2.
Simultaneously, from Eq. (5) it follows that 10 Dq increases with increasing covalency. Therefore there
is a critical amount of covalent bonding beyond which Hund’s rule breaks down. Covalency with a
particular anionic sublattice increases with cationic charge and on going to the right through any long
period of the periodic table. In oxides with the perovskite structure, only divalent and trivalent ions of
the first long period are high-spin. Of these, trivalent nickel is low-spin and trivalent cobalt exhibits a
-variable high-spin to low-spin population as a function of temperature.

In general, it is necessary to use a multi-electron notation for the outer d electrons. Whereas atomic D
states are split by the crystalline fields as shown in Fig. 7, atomic F states are split as shown in Fig. 8.

: A

32 (et}_ LTSI ; +2. 2
Ty (e* tc0s"a + 8 “sin’er)

hgletzwoste + tfsin*er) ]
wly

Ty (eh)
2l

Tg (&5%00sta- ¢'tysin'er)
60q
20q

60y let)
2.2 — 00y
Ty (3 ws’e + etysint )
Az (e*%)
Atomic
a 2 Electrons b zHoles

Fig. 8. Octahedral-site splitting of atomic F states: a) two-electron 3F states and b) two-hole *F states.

Because the operator Ly = —i%9/d¢ is imaginary, the crystal-field splitting of fg and f¢ quenches the
orbital angular momentum associated with these orbitals, so that the &g orbitals have m = 0, 0 and the
lyg orbitals have m = 0, 4-1. An isomorphism between f¢, fp, fg and atomic P orbitals simplifies calcula-
tion of Vyg. Itis possible to treat thet,, orbitals as atomic P orbitals if the sign of the spin-orbit-coupling
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parameter 1 is reversed [Gr9). Therefore ground states having an orbital degencracy and m # 0 are split
by Vs into (2] + 1) multiplet states corresponding to states of different J = L + S. However, the
order of the levels is inverted (largest J lowest for less than five d electrons, smallest J lowest for more
than five d electrons) because of the change in sign of 4. According to the Landé interval rule, the separa-
tion between states Jand J + 1is|4| (J + 1). The first-order multiplet splittings, which do not include
mixing of higher states of similar symmetry, are shown in Fig. 9 for Fe?t and Co?* ions. Note that the
term is now identified by its symmetry character T,, or T, rather than by its atomic orbital-momentum
character D or F. Tab. 1 summarizes the various symmetry notations for different spin states.

%Ml/hﬂ% Ms ] A
Ay (a) . w.. aleed,,
15 oM ié‘ 7] jxf’r (:Ir/w’ 10,45
AV
s vf\

i (41- 19
2l saz: (cubit)

/ l{ 7
TulY ! 4 V&l WH
: / ?[5]~[3] i#]- ]
(cubic) 7 (cubic)  (cubic)

24 ﬂ: iy 8)
2, \3 Lo /IZI
| , ’ o IM
10Ms) -}15] [#l\- [oMs) /7/2

/2 Wy a’) 7 ,g,_(e,'e_’} . {Zl*ﬁ | 2
§’ ~ ! :’oyl ?
G A= (fh-ﬂ A=0 S A =0 0.(‘,0-0 Aeo

O /(-A)= - 0 +to O /(-3 = - P o

2 b

Fig. 9. Schematic spin-orbit plus trigonal-ficld, or tctragonal-field, splittings of cubic-field levels as a function of the
ratio d/( ~4) for a) 5T, level of Fe?* and b) *T,¢ level of Co**.

Spin-orbit coupling introduces an axial symmetry to the charge distribution, where the spin (or
atomic-moment) defines the axis. Therefore, if there is a noncubic component to the crystalline field
(Vneub 5= 0), then there is a spin-lattice interaction via the orbital-lattice interaction that introduces a
magnetic anisotropy. For localized electrons, this is a local, one-ion anisotropy. Conversely, if the spins
are ordered below some transition temperature, then the local interstices have time to relax about the
noncubic charge distribution, thereby distorting the octahedral site. Therefore there is an intimate
connection between the noncubic symmetry and the magnitude of the multiplet splitting. The noncubic
component is usually parametrized as

Vncnb = ’)(Li - %)' (6)

and Lig. 9 includes the total perturbation Vg + Vyeup of the onc-electron and two-electron ground states.

With one or two holes in a half-shell, the one-electron and two-electron energy diagrams are inverted.
In these cases M, = Zymy = 0, so that Vg = 0, and there is no multiplet splitting.

Tab. 1 also displays the general ground-state wave functions for a magnetically ordered phase having
collinear spins. The coefficients g,, a,, 4, of the Kramers' doublets and b,, b, of the singlets all depend
upon the relative magnitudes of the five perturbation terms Vyg + Vyeun + V) + #; where 5 is
the Zeeman energy due to the internal molecular field resulting from magnetic order. The molecular-
field apprommatlon is used for the first-order, isotropic magnetic-coupling energy Sy, which is the
dominant term in Z' Vi [see discussion of Eq. (13)]. This gives

Hg ~ 2] (S>S, ; (7)

where [p, the sum of all near-neighbor exchange parameters, can be determined from the temperature
dependence of the magnetic susceptibility and z is along the axis of the average spin ¢S on the neighboring
cations. This term contributes to the spectroscopic-splitting factor g, and hence to the net atomic moment,
if Vis # 0. In Tab.'1, the components of the wave functions are designated by the notation | Mz, Mg >,
where My, Mg are the azimuthal quantum numbers for the net orbital and spin momenta.
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3.1.3.2 Jahn-Teller distortions

If the cubic-field ground state of the B cation is an orbitally two-fold-degenerate E, state, then the
t,, orbitals are either full or half-filled, so that M = 0, and there is no spin-orbit coupling (Vs = 0).
Jaun and TELLER []a6] have shown that, if there is no perturbation available to remove a ground-
state orbital degeneracy, then there will be a spontaneous distortion to lower local symmetry below some
transition temperature Oyans < Tmey Where Tyt is the melting point. Since the energy gained by a local
distortion is reduced by the work done against the elastic restoring forces of the crystal, transition tem-
peratures Oy, are small for isolated ions. However, if all of the B cations are similar, then cooperative
distortions are possible, and the net energy gained per ion is much greater because of the elastic-coupling
energy V;of Eq. (2). Such a cooperative phenomenon is characterized by thermal hysteresis and a definite
(usually first-order) transition temperature. Since they are due to electronic ordering, such transitions
are martensitic. :

VAN VLECK [Val5] pointed out that the normal vibrational modes that split an E, electronic state
are themselves twofold-degenerate with symmetry E,. One mode gives the interstice a tetragonal distor-
tion, the other an orthorhombic distortion. It follows that, from first-order theory, there is no static
distortion of the interstice, only a dynamic coupling between the electronic charge density and the
vibrational modes. Moreover, this dynamic coupling greatly enhances the two E, vibrational modes and
gives a dynamic splitting of the electronic E, state. This mechanism has important consequences for the
acoustic properties and, as discussed in 3.3, for the sign of the magnetic superexchange coupling.

Inclusion in the theory of higher-order coupling terms and anharmonic elastic terms shows that a
static, tetragonal (¢/a > 1) distortion of the interstice is stable below some Syus [Kal! 0). This sign for
the static distortion was first established experimentally through the interpretation [Go75] and further
study of cooperative tetragonal-to-cubic transitions in spinel systems. However, application to the perov-
skites requires a solution of the lowest-energy cooperative distortion via inclusion of the elastic-coupling
energy V,. GOODENOUGH [Go6] proposed that individual tetragonal (c/fa > 1) octahedra order their long
axes alternately along [100] and [010] axes of the pseudocubic cell. KanaMor: [Ka10] generalized this
solution to include an orthorhombic component to the local-octahedron distortions. This gives B-B
separations within (001) planes having a long (1) and a short (s) B-X separation and along the {001] axis
two intermediate (m) B-X separations where s < m < (I + s)f2. This prediction was later verified by
HepworTH and Jack [He9] for 0 MnF, and by Okazaki [Ok7] for KCuF, (see Fig. 10). Superposition
of this distortion on an O-orthorhombic cell stabilizes the unique axis along the orthorhombic ¢-axis, and

e
m / - // n
rze sy
——
{ \ ()
O/ ds };L\ (\m - Ny
A~ \ 4~
I”“r’ \ -1{4/ [
S
‘ zb "’/l//o/ |s//
a 5 l
oM OF

[
() o . . L
o Cu'* and complefely Fig. 10. Cooperative Jahn-Teller distortions in a) (JMnF,
7 filled dyz orbital and b) KCuF,. c) Configuration of hole-orbitals at Cut* ions
b OF . @ K* of tetragonal KCuF, [He9, Ok1).
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275 Ref. p. 275] 3.1 ABX, perovskite structure
the axial ratios of the O-orthorhombic cell are transformed from a < ¢/ V2to ¢/ V2 <a. To signal the fact
he that a Jahn-Teller distortion (with or without spin-orbit coupling) has been superposed on a distortion
0). due to relative ionic sizes, the notation O'-orthorhombic is used in Tab. 2 wherever c/VE < a.
d- The important B cations that exhibit dynamic and static JAuN-TELLER stabilizations in the absence
ne of spin-orbit coupling are: Cu®+ 2E, (3 ¢;), Cri+and Mn3+ SE, (¢, 1), Ni'™ 2E (£, el), where Roman numer-
sal als are used for the valence state of a low-spin cation. Tab. 2 shows that O'-orthorhombic symmetry
n- -above a magnetic-ordering temperature is associated with-these ions, provided the d electrons are localized,
ve and only with these ions, with the exception of LaVO,; and CeVO;, where sharply enhanced distortions
ng appear abruptly below @y [Ro3; Go70]. The cubic 3T,, state of V3+ is orbitally threefold-degenerate, so
ite thatit may induce small distortions above @y, larger distortions below @y (see discussionGo74). LaNiO,
ns remains R3c because the ¢, electrons are collective. In La,Li, ;Ni, ;0, crystals, on the other hand, the
ordered Ni'l jons have localized e, electrons, and there is a tetragonal (c/fa > 1) distortion. The sign of
te this distortion is manifest by the large c/a ratio. Strictly speaking, this is not a Jahn-Teller distortion, since
- the K, NiF, structure is tetragonal, but ordering of the localized electron of unpaired spinin the tetragonal
tic | field distorts the Ni' octahedra to tetragonal symnietry with axes parallel to the unique axis. Pure
he Jahn-Teller distortions can be distinguished from distortions associated with spin-orbit coupling because
nd they are independent of magnetic order and generally occur at a ©yaps above the magnetic-ordering
he temperature. ) .
a 3.1.3.3 Spin-orbit coupling
or B cations having cubic-field ground-state terms Ty, or T,, are orbitally threefold-degenerate with
er My =0, +1, so that V5 # 0. The combined perturbations Vg + Vneup Separate into secular equations
v- for different M, as shown in Fig. 9. Witha single outer electron, the 2T, cubic-field term is split in two,
ng the energies for different M shifting by
Q
28 , Eyp =46 — 42 ®
B Efjy = —30 + 32 + {8 + 26 + GAH2
ds where 4 > 0. In a cubic field
oy Eyy = Eys = Ejj, — §4, 9)
n g and spin-orbit coupling leaves an orbitally twofold-degenerate ground state. Therefore it is necessary to
d ’ consider an additional Jahn-Teller stabilization via Vyewy 4+ V; + 3Fz. GOODENOUGH [Go74] has
shown that it is necessary to consider two temperature regions: T > Oy and T < @y, where Oy is the
temperature below which the spins order collinearly. In the paramagnetic domain T° > @y, the molecular
fields vanish (¢(S) = 0) and, from Eq. (7), #z = 0. In this case, the ground-state energy varies as
(6%/4). Since the work done against elastic restoring forces is ¢, 82 there is a spontaneous Jahn-Teller
distortion, corresponding to § > 0, at a Oyuns > Oy only if the product 1q, is relatively small. In the
magunetically ordered state (T < @y), on the other hand, there is an internal molecular field Hjgy at each
atom, which produces a Zeeman splitting of the orbitals of different spin. The magnitude of this splitting
depends upon the spectroscopic splitting factor, which has the components
&y =2 —2g(9/4) andg; =2 +£(4/4) (10)
where g, > 0. Therefore the Zeeman splitting in the molecular fields is maximized by making é < 0 and
having the spins parallel to the unique axis defined by 4. Further, this energy is linear in 6, so that a
spontaneous distortion should occur at some Gyaps < On. A similar argument holds for the orbitally
twofold-degenerate J = 1 and J = } states of octahedral-site Fe?+ 5T,, and Co?+ T4,

In summary, if multiplet splitting leaves a ground state with a twofold, accidental orbital degeneracy,
then there is a spontaneous Jahn-Teller distortion at some ©imps that removes this degeneracy. If
Otrans > O, then § > 0. However, this alternative requires special crystallographic conditions that do
not appear to be met in perovskites. On the other hand, a Oyans < Oy and 6 < 0 can be generally anti-
cipated wherever the spins order collinearly and the d electrons are localized. Further, from Eqs. (3) and
(6), it follows that T, states (one outer #,; electron) have § < 0 if the site symmetry is tetragonal (¢c/a > 1),
whereas T, states (two outer 4y, electrons) have § < 0 if it is tetragonal (¢/a < 1). Alternatively, distor-
tions of the site symmetry may be to trigonal symmetry. A ¢ < 0 corresponds to o < 60° for T,, states,
to o > 60° for T, states. These relationships are also summarized in Tab. 1. Experimentally, Fe?+ 5T,
octahedra become trigonal (x < 60°) below @y, as exhibited by KFeF,, whereas Co?+ T, octahedra
become tetragonal (¢/a < 1) below Oy, as exhibited by KCoF,. Where Gyun; = Oy, the magnetic-
ordering temperature may be first-order. In addition, the spontaneous distortions introduce large magne-
tostriction and magnetic anisotropy.

The cubic-field ground state of V3+ 3T, is orbitally threefold-degenerate. As a result, any sponta-
neous distortion must correspond to ¢ < 0, i.e., tetragonal (¢/a < 1) or trigonal (x > 60°). However, as
in the other casesia Oyan; < On is to be expected in the perovskite structure. The V3+ ion generally

F, occurs in an O-orthorhombic perovskite, and superposition of a tegragonal (¢/a < 1) distortion with
as coincident unique axes again results in O'-orthorhombic symmetry. The perovskite LaVO, exhibits an
abrupt contraction of the c-axis on cooling through ©y.
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3.1.4 The influence of collective-electron ordering
3.1.4.1 Band theory

Conventional band theory rests on three principal assumptions: (1) A description of the outer electrons
may be built up from solutions of a single electron moving in a periodic potential. (2) Multiplet structure
on individual atoms may be disregarded. (3) Electron-phonon interactions may be treated as a small
perturbation. For an infinite crystal, the unperturbed solution of running waves in a periodic potential
gives the Bloch functions and energies

Vhm = exp(ik - ) upm(r); Ex = E, + 2k 2m* (11)

where Ak is the momentum of an electron of effective mass m* and ux(r) is a periodic function. In the
tight-binding approximation appropriate for narrow bands, the Bloch functions arc

_yyk(r) = I/W Zl'vcxp (Ek-R)w(r — R,)
where w(r — R,) is a localized wave funcﬁonnfoi' the atom at R, defined by
wr—Ry) =1VNZexp[ik- (r — Ry) ug(r)
and ug(r) is a localized crystalline orbital. At t;;e Brilloin-zone boundries defined by
2k-K + |[K[2=0, (12)

where K is a reciprocal lattice vector, there are energy discontinuities in energy-momentum space. In
polar insulators, this introduces an energy gap E, between occupied, primarily anionic states and empty,
primarily cationic states. Cooperative displacements & of the cationic sublattice relative to the anionic
sublattice may increase this gap, thereby stabilizing the total energy of the occupied states by &, 4% Since
the resulting elastic-strain energy is g, 6, there can be a spontaneous displacement only for the exceptional
case g, < & and a ground state corresponding to a small distortion parameter §. In this case vibrational
entropy may stabilize the higher symmetry at the higher temperatures. This differs from the usual
criterion for spontaneous distortions, where a term linear in J is identified. There appear to be two situa-
tions occuring in perovskites where the requirement ¢, < ¢, is met: (1) Where B-cations have empty d
orbitals, there is a critical range of covalent-mixing parameters through which the site preference changes
from octahedral to tetrahedral. In this range g, is very small for B-cation displacements within an octa-
hedron that reduce the coordination number from six towards four. The origin of the small ¢, is a balance
of the electrostatic energy lost and covalent-bond energy gained on going to smaller anion coordination.
(2) The high polarizability of the outer core electrons of Pb2+ and Bi®+ ions makes ¢, relatively small, so
that displacements that permit a relatively large ¢, can occur spontaneously.

‘What distinguishes these spontaneous distortions from those due to an ordering of localized clectrons
is the displacement of the cations from the centers of symmetry of their interstices. (The Jahn-Teller
distortions, with or without spin-orbit coupling, leave the cations in the centers of symmetry of their
interstices.) - Unlike the structures, such as corundum, where pairs of octahedra share a common face,
these cationic displacements from the centers of symmetry of their interstices do not follow from point-
charge electrostatic arguments. In polar insulators, these displacements lead to ferroelectricity or anti-
ferroclectricity, and they often induce displacements of neighboring cations. Further, where the require-
ment ¢, & & occurs just above @y, there must be a strong interaction of the bonding (mostly anionic)
electrons with those vibrational modes that anticipate the cooperative ionic displacements below @ grans.
These “soft’ vibrational modes impart several anomalous physical properties, including a high clectric
susceptibility.

3.1.4.2 Distortions due to B-X bonding

Transition-mctal cations having no outer d electrons have the following site preferences:

Seat Tist yst Crst Mn?+
Y3t Zri+ Nbs+ Mos+ T+
His+ Tas+ We+ Re?t

where cations at the left of each row have definite octahedral-site {(or larger anion coordination) preference
and those to the right have definite tetrahedral-site preference. Those underlined by a solid line may be
stabilized in the octahedral sites of a perovskite-type structure, but they tend to induce spontaneous
ferroelectric or antiferroelectric distortions, the ions moving cooperatively out of the centers of symmetry
of their interstices. The ions underlined by dashed lines only occur in ordered perovskites A,BB'O4 and
A;BB,0,. In general, they are found in tetrahedral sites or in strongly distorted octahedral sites. How-
ever, in the ordered perosvkites they are able to strongly polarize the anion near neighbors so as to stabilize
the octahedral symmetry.
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275 Ref. p. 275] 3.1 ABX, perovskite structure

It is significant that spontaneous_ferroelectric distortions are only induced by B cations if these are
transition-metal cations having empty d orbitals. Itis also significant that the change from octahedral-
site to tetrahedral-site preference is associated with a relative stabilization of the & orbitals (larger atomic
number in any long period) as well as with a decrease in ionic size. (The ionic radii decrease in the order

ns ; Y+, Sc3+, Hft+, Zré+, Tas+, Nbe+, Titt, We+, Mot Re7+, Vs+, Tc?+, Cré+, Mn?+). The greater the relative
re | stability of the d orbitals, the larger are the parameters 4, and A, of Eq. (4), and these are enhanced by
all any displacement that decreases a B-X separation. Such an enhancement stabilizes the occupied states
al : at the expense of the d states, and a net stabilization can occur if the d states are empty. Also the smaller

{ the cationic size, the smaller the elastic resistance to displacements within-an octahedral interstice. (Phe-
1) ) nomenological ionic models for the ferroelectric distortions have also been given [Me7, Ha33].)

: There are three B-cation displacements relative to their octahedral interstices that would simulta-
he neously stabilize the occupied anionic p, orbitals relative to the unoccupied 4, orbitals: (1) Tetragonal

symmetry. Displacements along an [001] axis that create alternate long and short B-X distances along
! this axis would stabilize s, p, and the two pr orbitals per anion on this axis and strongly polarize the
charge density toward the short B-X separation. (2) Orthorhombic symmeiry. Displacement along a [110]
axis that created two shortest and two longest B-X distances would stabilize the s, p, and the two p,
orbitals per anion on two out of the three cartesian axes. (3) Rhombohedral symmetry. Displacement
along a [111] axis would stabilize the s, p, and the two p,, orbitals per anion on all the anions. These three
possibilities are illustrated in Fig. 11.

Such distortions also induce changes in the A-X separations, and the particular cooperative distortion
that is stabilized depends upon the character of the A-X bonding. The covalency contribution to the A-X

2) bond increases with formal A cationic charge; for a fixed charge it decreases with increasing atomic
In | number of the A cation down any column of the periodic table. 1f A-X covalent bonding is relatively
. : strong and the perovskite is distorted to O-orthorhombic symmetry, all ferroelectric distortions may be
;}:é _ quenched because the p, orbitals are stabilized by ¢-bonding with the A cations. This appears to be
ce ! illustrated by CaTiO,, and almost so by StTiO;. Qn the qther ha.n.d, if the A atom is stabilized by a
1al i polarization of its outer core electrons (Pbt+ and Bi*+ as discussed in 3.1.4.3), then a tetragonal, ferro-

1al electric distortion is stabilized so as to allow a cooperative displacement of the A and B cations, the A
1al cation moving along the [001] axis to stabilize two £, orbitals per anion not on [001] axes. Thisis illustrated
by the PbTiO, structure of Fig.12. If the covalency contribution to the A-X bonding is relatively weak,

:a‘; then the B-X covalency contribution should dominate. For large A cations (¢ > 0.9), this would stabilize
sos . a ferroelectric, rhombohedral distortion at lowest temperatures, as illustrated by BaTiO;. As the tempera-
Ea— ture increases, successive distorted structures (RE—~ Of — T — C) introduce incremental additions to
Lce the entropy. However, a small A cation and weak A-X covz.xlency contribution may lead to a ferroelectric
n distortion superposed on the O-orthorhombic structure to give the Of-orthorhombic structure of CdTiO;

: orNaTaO,shown in Fig. 13. Even more complex distortions arc found in NaNbO, [Vo6]. The room-tem-
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perature form has parallel pairs of (001) NbO, planes coupled antiparallel to give an antiferroelectric phase,
as shown in Fig. 14. The Na atoms are also displaced antiparallel to one another.

3.1.4.3 Distortions due to core polarization: Pb%+and Bi3+

Lead and bismuth are heavy ions, and the 65 orbitals are sufficiently more stable than the 6 orbitals
that Pb*+ and Bi®+ ions are commonly stable. However, the outer 652 core electrons have a relatively
large radial extension, making the ionic radius large, and this reduces the overlap of the 6 orbitals with
the orbitals on near-neighbor anions. This reduction in overlap reduces the strength of the A-X bond.
However, hybridization of 6s and 6p orbitals, which costs the energy separation of 6s and 69 orbitals,
produces a polarization of the outer-core electrons, so that the effective ionic radius is much smaller on
one side of the cation than on the other. This permits the formation of a much more stable bond on one
side-of the cation, and the energy gained in this bonding may be greater than the hybridization energy
required to polarize the core. It is for this reason that Pb*+ and Bi®+ ions are stabilized in many crystals
with an asymmetric anion coordination.

- There are three possible displacements of the A cations that would stabilize the anion p, orbitals
(which ¢-bond with the A cations): (1) Teiragonal symmeiry. Displacement of the A cations along [001]
axes to stabilize the two p, orbitals per anion not on [001] axes, as found for PbTiO, (see Fig. 12). (2) Ortho-
rhombic symmetry. Displacement of the A cations along [110] axes to stabilize strongly one p,, orbital per
anion on [001] axes and less strongly one p, orbital per anion not on [001] axes. The smallest induced
distortion of the B-cation octahedra occurs for an antiferroelectric displacement of the type illustrated by
PbZ:rO,, Fig. 15. (3) Rhombohkedral symmetry. Displacement of the A cations along [111] axes to stabilize
strongly one p,, orbital per anion. To be cooperative, such a distortion must be ferroelectric, as in BiFeQ;,
Fig. 16. Further, since the A cation is moved toward a B cation, there is an electrostatic repulsion between
them that displaces the B cation from the center of symmetry of its interstice.

tron ordering among localized d electrons on B cations can superpose an additional distortion. Whether
this is the origin of the triclinic symmetry reported for ferromagnetic BiMnQ,, where Mn?+ is a Jahn-
‘Teller ion, is not known.

(1}
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Fig. 15. a) Pb-ion shifts { ~0.26 A) in a (001) plane of anti-
Fig. 14. Jonic displacements in orthorhombic NaNbO,. The ferroelectric PbZrO,. b) Distorted Zr octahedra as a result of
shifts of the anions in NbO, planes and the small g shifts of  simultaneous anion displacements. Zr-O distances are given
the Nb ions have been omitted for clarity [Vo6]. in [A] [Sa8, JoS5].

Given spontaneous distortions due to A-cation displacements, there remains the possibility that elec-.
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275 Ref. p. 275] . 3.1 ABX, perovskite structur’

se, 3.1.4.4 Competitive phases

A few compounds have atomic radii compatible with the formation of a perovskite phase and yet
are stabilized in other structures at ordinary temperature and pressure. Two important competitive
structures of this type are represented by YAIQ, and PbRuO;. Both of these compounds convert to

als the perovskite structure under hydrostatic pressure.
1y The hexagonal YAlO; structure of Fig.17(a) consists of close-packed layers having the sequence
th b-a-b'-a-b-c-b'-c-b, where b is an A-cation layer, b' is a B-X layer with anions stacked beneath A cations
d. (b stacking) and B cations in the trigonal bipyramids formed by face-shared tetrahedra in the hexagonal
Is, a-b-a or c-b-c anion-stacking sequence. The structure apparently forms because both the A cations and
on the B cations simultaneously approach the lower limit for cationic size: rg = 0.51 A, v, = 0.90 A. The
ne small Al*+ ion is relatively stable in the five-fold coordination of the trigonal-bipyramid sites, and the
gy small Y3+ jon is more stable in an eightfold (or 6 4- 2) coordination instead of a twelvefold (or 9 + 3)
s coordination. These site preferences reflect an increased stabilization of the bonding, anionic orbitals as a
‘result of closer cation-anion distances.
als The antiferromagnetic, ferroelectric compound YMnO, has a similar structure, but with an g-axis V3
"nj larger than that of YA1Oj to give six molecules per unit cell. The Mn3+ ion can be stabilized in a trigonal-
t0- bipyramid site because it has four outer d electrons with configuration e2¢%a?, where the empty a, orbital
er is directed along the c-axis to bond covalently with the two collinear oxygen ions. The larger unit cell
ed and the ferroelectricity are reflected in the complex magnetic order shown in Fig. 17(b). Below 8y,
by exchange striction favors antiferromagnetic Mn-O-O-Mn interactions. The ferroelectric transition that
ze occurs above 600 °C is apparently due to the relatively large size of the Mn®* ion, which creates a large
)s, enough interstice for the Y3+ jon that itis stabilized by a displacement from the center of symmetry of its
en interstice so as to lower its near-neighbor anion coordination from eight toward seven. '
C-
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Fig. 16. Structure of BiFeQ, showing displacements Fig. 17. a) Comparison of the unit cells of YAIO, {solid lines)
in perovskite subcell [M30]. and YMnO, (dashed lines). b) Magnetic structure of YMnOy

[Be36, Be39].
a = 3.678 A, ¢ = 10.52 A for YAIO,.

Cubic PbRuOj, gives an x-ray pattern of the pyrochlore structure, corresponding to chemical formula
A;B;0;, and therefore may be written as Pb,Ru,0,6. This structure is competitive with the perovskite
structure in several PbB*+ O, compounds. It has been shown [Lo4] that the anion vacancies® are located
at the centers of Pb*+-ion tetrahedra sharing common corners and that the electrostatic repulsion between
the Pb ions may be counteracted by a transfer of the two outer-core electrons per Pb ion to the @ sites, which
act as traps for four electrons per vacancy. Thus the outer core electrons at the Pb2+ ions induce a com-
pletely new structure rather than a ferroelectric-type displacement of the A-cations within the perovskite
i structure. This new structure contains B cations in corner-shared octahedra, as in perovskite, but the
of B-X-B angle is reduced to about 135°. This structure is also stabilized in AgSbO, [Sc22] presumably
ren because there is a small effective charge on the Agtions. The pyrochlore A,B,O, structure itself is compet-
.itive if attempts are made to force a low valence state on one of the cations.
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3.1.5 Structures encountered with otdered B, B' cations
3.1.5.1 Same B atom

There are three ways of creating two different cations from the same atom:

(1) Two A cations of different valence can create two different valence states of the same B atom,
and these may order at lower temperature as a result of different cationic charge. The ordering temperature
may be quite low, since only electron transfers are required for cationic ordering. This is illustrated by
(Lag sCay ) (Mn3tMnf1)O,, which has the Mn3+, Mn*+ ordering in a rocksalt-type array. Because
Mn®+{(i3zep) is a Jahn-Teller ion having localized outer d electrons, there is also a cooperative distortion
to tetragonal (¢/a > 1) symmetry of the Mn3+-occupied octahedra, and the ordering of these distortions
gives a macroscopic distortion to tetragonal (c/a < 1) symmetry (see Fig. 26).

(2) Where the energy difference between the high-spin and low-spin states of the B cation are nearly
equal, the populations of the two energy states approach each other at higher temperatures. In LaCoQ,,
high-spin Co3+ and low-spin Co™ are separated by only E;, — Ejyp ~ 0.08 €V, and the populations of the
two spin states are nearly equal at 400 °K. This temperature is sufficiently low that ordering of the two
different spin states occurs above this temperature, and the symmetry changes from R3c to R3 [Ra3).
In this case, it is the difference in ionic size and covalent bonding, which results in a difference in the
effective ionic charge —not the formal ionic charge —that is the driving force for the ionic ordering.

(3) Disproportionation of B®* cations into Bm~1+ and B®+2+ cations may create ions of different size
and charge that become ordered. This is illustrated by [JPdF,, which has been shown by magnetic
susceptibility measurements to be Pd?+PdVF, {Ba79). (The A cation is missing.) Such a disproportiona-
tion permits the formation of (PdF,)*~ clusters in which the anionic orbitals are stabilized by strong
covalent mixing with the ¢-bonding 4d orbitals of ¢; symmetry. This is accomplished by a shifting of the
F- ions toward the Pd*+ ionsand away from the Pd*+ ions. Simultaneously, the anionic shift reduces
covalent mixing in the occupied, antibonding 44 orbitals of ¢z symmetry at the Pd2+ ions. These orbitals
are therefore localized and further stabilized by intra-atomic exchange (Hund splitting), so that each Pd*+
ion carries an atomic moment of 2pp. Were there no disproportionation, the single electron per low-spin
Pd™ ion would occupy antibonding e, orbitals that were more unstable than the occupied, localized eg
orbitals at the Pd?+ ions. However, the transformation 2 P! - Pdz+ 4 PdlV costs ionization encrgy,
and this is usually too large (as in LaNiO,) for disproportionation to occur.

3.1.5.2 Different B atoms

There are many examples of ordered B, B' structures in compounds having different B atoms:
AFB*B'9F,; AL+B+B'S+Q, A}tB?+B'6+0,, AZ+*B+B'7+0,; AI+B+B'1+0,, A3*B+B'5+0,,and AZ+B3+B'+0,.
Inthe A,BB'X, group, ordering is on alternate (111) planesof B cations, in the A,B,B'X, group the B'
cations occupy every third B-cation (111) layer, Fig. 1(c). The probability for an ordered arrangement
of the B, B' cations is determined by the differences between their jonic charges and their ionic radii
{Fe22, Fe23, Gal, Ga10). To first approximation, the order-disorder transition temperature Goq induced
by the charge difference Aq = (¢' — g) at cations B' and B is ©qq ~ (Ag)%. Thus superstructure has
been observed in all the known compounds having (A¢)? = 36 and 16, whereas those having (Ag)? = 4 are
disordered unless there is a relatively large difference in ionic sizes. The minimum difference
in ionic size that results in ordered A+B3+B's+0, compounds is |rg — rg|/rg ~ 0.09, and this has
been achieved where B' = Nb or Ta, having empty d orbitals for the formation of stable (B'O,)"—
clusters, while the B cation has no relatively stable, empty d orbitals.

Given the formation of (B'X,) octahedra, a confusion arises as to where the structure corresponds to an
ordered A,BB'O, perovskite built up of corner-shared octahedra plus A cations and where it corresponds
to the isostructural (NH,),FeF, structure, which consists of discrete (B'X,) octahedra separated by A and
B cations. (The cubic K,NaAlFstructure with space group T§(Pa3)is similar to (NH,),FeF,, but has a
lower symmetry because there are very small rotations of the (B'X,) octahedra.) Some authors [Fe22]
select as a criterion for the perovskite structure the cationic radius ratio »gfr, < 0.8 where g > rg. This
decision is based on the observation that a plot of the cubic lattice parameter a, vs. B-cation radius rgisa
straight line for rg/r, < 0.8, but bends over for rg/r, > 0.8. However, this probably reflects the ratio at
which electrostatic forces inhibit (or reverse) any A-cation displacements rather than the ratio at which
discrete (B'X,) octahedra are formed. For most physical properties this criterion is probably arbitrary.
Without electron-ordering distortions superposed on the size effects, ordered'A,BB'X, perovskites can
be described by either the O-orthorhombic cell of Fig. 5 or by the thombohedral R3 {or R3m) cell of Fig. 6.
Where « = 60°, a tetramolecular cubic cell may be chosen provided the A cations are not displaced from
their ideal positions. Like cubic (NH,);FeF,, the cubic cell has the space group Of (Fm3m) with B cations
in 4(b) (4,3,3); f.c., A cations in 8(c) £ (4, , }); f.c., B' cations in 4(a) (0, 0, 0); f. c., and X-anions in
24(e) + (u,0,0; 0,14, 0; 0,0, u); f.c. with 0.2 < u < 0.25. However, even where « = 60°, motions of the
A cations along the [111] axes may occur, thereby destroying the cubic symmetry.
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275 Ref. p. 275] . 3.1 ABX, perovskite structure

If an electron-ordering transition superposes a distortion at every other octahedron of Fi ig. 5, either the
B or the B' octahedra remaining cubic, cooperative elastic interactions between the distorted octahedra
give a further reduction in symmetry. The resulting monoclinic cell [F39, BI8], which is pseudotriclinic, is
not to be confused with the pseudomonoclinic symmetry reported in early work for the O-orthorhombic
structures. The origin of the superposed electron-ordering transition could be either a Jahn-Teller ordering
n, of localized electrons or a ferroelectric-type displacement of the anions about a (B'X,) octahedron.
re Several Ca,B*+Ta’+0, and Sr,B*+Nbs+O, perovskites having B = rare-earth atom exhibit the mono-
Yy clinic symmetry of a distorted O-orthorhombic cell [Fi&]. Since the 4f electrons at the rare-earth ions are
se localized, it is tempting to attribute this to a Jahn-Teller distortion with spin-orbit coupling. Although
n Fig. 9 shows that the octahedral site splitting of one-electron 4f orbitals gives orbitally threefold-degene-
as rate levels having an accidental degeneracy that is not removed by spin-orbit coupling, nevertheless there
are two reasons why this explanation cannot be correct: (1) There is no magnetic ordering of the 4 f elec-
ly trons at room temperature and (2) S1;GdANbO, shows the distortion even though Gd*+ has a half-filled 4f7
i, shell, which has no orbital degeneracy associated with the ground state. Itis therefore concluded that the
1e additional distortions are due to the potentially ferroelectric cations Nb5+ and Tas+,
V0
1]<, _ 3.1.5.3 Complex alloys A,BB'X;, where B = M,,, B' = M,

Several complex interstitial alloys have a formal structural relationship to the ordered perovskite
ze A,BB'X, as well as interesting magnetic properties. In this group, having space group Fm3m, the B posi-
jc tion is occupied by a thirteen-atom cluster consisting of a metal atom at position 4 (a) at the center of a
a- cubo-octahedral, twelve-atom cluster of M atoms at positions 48 (h); the B' position is occupied by a simple
g cube of eight M’ atoms at 32(f). The three principal axes of each cluster are along the cubic axes of the
10 perovskite cell, as shown schematically in Fig. 18, so that each X atom at positions 24 (e) has eight near
es . neighbors. The eight A atoms of the tetra-molecular cell are at the 8 (c) positions. The 4(b) position at
1s the center of the M clustersis empty. Alloys with this structure include the ferromagnetic borides
1+ AL [(AIM,,)(M;)]B,, where M = Fe, Co, Ni, as well as Cr,C,. :
in
4
Yy B B

8
A\
A A
s:
1. ‘ 0 N
3 N 8 J
1t -
ii l ¢ SEVAN
«d ,
15
e 8= My 8~ My
: Fig. 18. Orne quadrant of the A,BB'X, structure showing
- the atomic positions of the B = M,; and B' = M; clusters
(Wet9).

n
Is
d 3.1.6 First-order magnetic transition in M°XM! perovskites
a
?] Many perovskites MXM{ exhibit first-order phase changes at magnetic-ordering transitions. Most of
is these are reported to be cubic-to-cubic transitions, but in ZnCMnj it is a tetragonal (ferrimagnetic)-to-

cubic (ferromagnetic) transition. These crystallographic changes are induced by a complex interplay of
it collective electrons in overlapping bands. Because of the intimate connection with the magnetic proper-
h ties and because of the necessarily speculative character of any model at this time, discussion of these
7. compounds is deferred to 3.5.
n
5
n
1S .
n
e

Gc{odenough[Longo 147
10*



3.1 ABX, Perowskit-Struktur ' [Lit. S. 275

3.1.7 Data: Crystallographic properties of ABX,, A,BBX,, A;B,BX, and A(B.B,B))X,
compounds with perovskite or perovskite-related structure (Tab.2)

Tab. 2.

Within any section, the compounds are in general first ordered according to the atomic number of the
B cation and then by the basicity of the A cation. For the ordered perovskites of Tab. 2b, c, d, the com-
pounds are further ordered by the atomic number of the other B cation. The order of the sections is as
follows:

Tab. 2a — ABX,

A2+LiH,

A(H,0) (Liyg)s; A =171, Br!

A+tB2tX,; X = F-1, Cl7}, Br!

A+BS+0,; B =V, Nb, Sb, Ta, I, Pa, U

A%+B+Q,; B = Ti, V, Cr, Mn, Fe, Co, Ni, Ge, Zr, Mo, Tc, Ru, Sn, Ce, Pr, Hf, Re, Ir, Pb, Th, U,
Np, Pu

A2+B+X, or A3+B3+X,; X = Sor Se, B = Ti, Zr, Ta, In, Ga

AB3+0,; B = Al, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Ga, Y, Nb, Rh, In, Ho, Er, Tm, YD, Lu

Tab. 2b — A,BB'X,

A,BBX,; X = F-1, C1-1, B+ = Al, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Ga, Ag, In, Ce, Pr, Au, Tl
ABHASHBI+BI+0,; Bit = Ti, Ir
A,BB"+Qq4; B4t = Ti, Mn, Ge, Zr, Ru, Ir

Bs+ = V, Nb, Sb, Ta, Bi, Pa, Pu

B¢t = Mo, Te, W, Ref+8+, Osb+,5+ [é+5+ Nps+, Pust

Bt = Tc, Re, Os, I

Tab. 2c — A,BB.O,

A,BB$*O,;  B%* = Nb, Ru, Sb, Ta
. La,Co,B5+0,; BS+ = Nb, Sb
A B,B$+0,; B+ = Mo, W, Re, U

Tab. 2d — A?+(B,B}B/")O,
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3.1 ABX,; perovskite structur,

Ref. p. 275]
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[Lit. S. 275

3.1 ABX, Perowskit-Struktur
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3.1 ABX, perovskite structu’
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3.1 ABX, perovskite structure.
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3.1 ABX, perovskite structure
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Berichtigungen zu Band III4a

S. 177, letzte Zeile: statt Ba,TdPaO, lies Ba,TbPaQ,
S. 219, Zeile 16 von unten: statt KMg, «Ni Fe, lies KMg, ., Ni_F,
S. 252, Zeile 26 von oben (Uberschrift) : statt SryFe, UO, lies SryFe,UO,

Errata in Vol. IIT/4a

p- 177, bottom line: instead of Ba,TdPaO, read Ba,TbPaO,
P- 219, line 16 from the bottom: instead of KMeg,_-Ni,Fe, read KMg, _Ni.F,
P- 252, line 26 from above (headline): instead of SryFe,UQ, read SryFe,UOQ,

Landolt-Bormstein, Neue Serie 11T [4a



3.1 ABX, perovskite structure'

Ref. p. 275]
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3.1 ABX, perovskite structure.

Ref. p. 275]
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3.1 ABX, perovskite structure
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3.1 ABX, perovskite structure

Ref. p. 275]
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3.1 ABX, perovskite structure
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3.1 ABX, Perowskit-Struktur
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3.2 Perowskit-dhnliche Strukturen [Lit. S. 275

3.2 Descriptions of perovskite-related structutes
3.2.1 A-cation vacancies

3.2.1.1 No A cations

Because a skeleton of shared-corner octahedra is stable, it is possible to remove all the A cations from
the perovskite structure without collapsing the BX, subarray. In the case of [] ReO,; for example, the
structure remains cubic. However, a partial or a complete collapse of the skeleton is found in many [ BX,
compounds. The completely collapsed structure has hexagonal-close-packed X layers with one-third of
the octahedral sites occupied by B atoms, as indicated in Fig. 19. This results in a simple-cubic array of
B cations with corner-shared octahedra having a B-X-B angle of 132°. For comparison, Fig. 19 also shows
the corner-shared octahedra across a close-packed [] X, plane of the cubic [J ReQ; structure, where the
B-X-B angle is 180°. It is possible to go from one structure to the other by a simple increase of the B-X-B
angle, the B cations forming a simple-cubic array in all structures. In the partially collapsed structure,
represented by CtF,, and B-X-B angle is intermediate, ~ 150°. Trifluorides of the first-row transition
metals have the partially collapsed structure, those of the second- and third-row transition metals have
the ReO, structure where the number of outer d electrons per cation is < 3, but the completely collapsed
structure where it is = 6. The B cations of the latter group either have no atomic moment (Rh™ and
It™ have #;¢3) or disproportionate into magnetic and nonmagnetic ions (Pd?+, #ge2 and PaA™Y, #gel), so
that there are no magnetic interactions between neighboring cations. The other trifluorides, on the other
hand, are all antiferromagnetic, and coupling between like atoms of the second and third long periods is
stronger than that between like atoms of the first long period. Since the B-X-B superexchange interactionis
enhanced by a larger B-X-B angle, it is reasonable to assume that the interactions between neighboring
B cations stabilizes the ReO, structure. These interactions may be either weaker interactions between
localized electrons, as in the magnetic fluorides, or stronger interactions, as in metallic ReO,. In this
connection, stabilization of the cubic structure in the tungsten bronzes A}®WO, for mx > 0.3 is signifi-
cant. The conduction electrons introduce cation-anion-cationinteractions while simultaneously reducing
the energy gained by a ferroelectric distortion.

Electron-ordering distortions may be superposed on the array of corner-shared octahedra. MnF,, for
example, exhibits the Jahn-Teller distortions shown in Fig. 10(a) superposed on the partially collapsed
structure. WO,, on the other hand, exhibits several low-temperature phases characteristic of an interplay
of antiferroelectric distortions and different degrees of the collapse of the B-X-B angle.

3.2.1.2 The bronze structures

Although [J BX, compounds with the ReQ; structure and cubic ABX; compounds have the same BX,
array, complete solid solutions [J.4,-,BX;, 0 < » < 1, are not possible. Although there is no ordering of
the vacancies for larger », except for Na, ,,WO, [A4¢7], for smaller x there is ordering accompanied by
a collapse of the BX, array within basal planes perpendicular to a unique axis. Such a collapse creates the
tetragonal and hexagonal tunnel structures of Fig. 20. The tetragonal structure contains three types of
tunnels, one containing cubic, twelve-coordinated A' sites, one containing pentagonal-prism, fifteen-
coordinated A" sites, and one small tunnel containing nine-coordinated A'" sites, which are only occupied
by Lit ions. Without Lit ions, all these sites are filled at A ,A;',BX,. This phase, which may occur for a

Fig. 19. Projections on B-cation planes of two []BX, Fig.20. Bronze structures found in A,(7],_ ,BX, systems.
structures. Triangles in full and dotted lines represent faces  a) Tetragonal (II) structure occurring for x < 0.6. b) Hexagonal
of octahedra below or above the B-cation plane. a) Cubic  structure occurring for x < 0.33 {(Wa7].

[OReO, structure DO,. Arrows indicate cooperative atomic

motions that collapse the structure. b) Completely collapsed

[ORAF, structure.
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Ref. p. 275] . 3.2 Perovskite-related structures I

range of # < 0.6, is labelled tetragonal (II) in Tab. 3 to distinguish it from the antiferroelectric tetragonal
(I) phase of WO;. The hexagonal structure contains hexagonal-prism, eighteen-coordinated 4 sites and is
restricted to the range of composition » < 0.33. An orthorhombic tunnel structure has also been identified
for AB,O; compounds [Ga15a].

Tab. 3. Color vs. # for Na,WO,; and compositional
ranges for the bronze structures in the AL*WO,-
perovskites. Adapted from [Di3]

Li Na K RbCs
10 _ 1 Na W0,
R £ % < yellow
o8- £ ’ | orange
= £ - brick red
! o5t -;3 § : purple
i H N
@ g = + rovel blee O A inplone O X in plaze
- = 5] B o T or af t 77
ol g 2 | dork ble ; 2 Z/ ;/Z D X o 1
= - dark grg
p 2 yrem,yw}(;, ® 5 inplone Xt « ihor -1
a b
B w kfrr kirr BY hex Fig. 21. Projections onto (110) planes of a) cubic perovskite

and b) brownmillerite structures. Brownmillerite structure is
formed by removing alternate [110] strings of oxygen from
central row of a) and regrouping remaining oxygen into the
tetrahedra shown in b) [Waf].

3.2.2 Anion-deficient compounds
3.2.2.1 Compounds ABX

Several systems ABX,_,, where 0 < # < 0.5, have been reported as anion-deficient perovskites.
StTi0, ¢ and StVO, g, for example, both give simple x-ray powder patterns in qualitative agreement with
the assumption of a perovskite structure having one-sixth of the anions missing at random. Further, the
homogeneity range of StTiO;_, is reported [Wa /] to extend over 0 < » < 0.5 without any change of lattice
parameter. However, if an anion is removed from a close packed structure, the metal atoms to which it was
formerly bonded will have highly unsymmetrical coordination, and some local rearrangement of the
anion can be expected. The nature of this local rearrangement depends upon the character of the B
cation. In order to learn what rearrangements may occur locally, it is necessary to examine those
special cases where long-range order occurs, since local changes of cation coordination are difficult to
detect by x-ray diffraction and have not been investigated by other methods.

In the system StFeftFej,;0;_5 0 < » < 0.5, it is known that the Fe3+ jons are stable in either tetra-
hedral or octahedral coordination. Therefore, it is reasonable to anticipate the creation of fourfould co-
ordination about half of the Fe*+ ions in the system. This is possible because the d electrons of Fe*+ ions
are localized, so that Fe?+ and Fe®* ions are distinguishable, even though the d electrons of the end member
SrFett0, appear to be collective. Support for the creation of tetrahedralsites, as well asa suggestion of how
the tetrahedra might be arranged, is given by Ca,Fe,O;, which has the brownmillerite structure [Be41] of
Fig. 21. Within every other (001) BX, plane of the cubic perovskite, alternate [110] rows of anions are

removed. The remaining anions in these planes are displaced alternately along [110] and [110] directions
toward the anion vacancies, the B cations shifting slightly also to maintain equal B-X distances with all
four near-neighbor anions. The result is fourfold coordination for all B cations in these (001) BX planes,
sixfold coordination for all B cations in the alternate (001) BX, planes.

The x-ray pattern of K, Ti,0; has a strong resemblance to that of perovskite. However, KTiO, ; is not
an anion-deficient perovskite, but is completely ordered, each Tis* ion having five oxygen near neighbors
forming a trigonal bipyramid [4#3]. It has little similarity to perovskite.

The oxygen-deficient, tetragonal compounds (Ba,,Bi, ,,)Bi0,_,, 0.22 < ¥ < 0.5, retain an octahedral
grouping for Bi in the B sites, but the A positions have only six oxygen near neighbors, two each at 2.7, 3.1
and 3.6 A [duf]. ‘

These examples indicate that a variety of orderings must occur in anion-deficient perovskites. Further
structural work needs to be done.

3—z
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3.2 Perowskit-dhnliche Strukturen {Lit. S. 275

3.2.22 Alloys M°X,_, M

Since the alloys M®XME are generally considered to represent interstitial X atoms in an ordered, face-
centered-cubic M®M( alloy, it is not surprising that the phase is stable over a considerable range of anion
deficiency. Since these alloys are metallic, it is probable that the X-atom vacancies are randomly distri-
buted.

3.2.2.3 Shear structures [ ]BO,_,

Ranges of composition have been reported for BO;_,, where B = Mo or W. MAaGNELI [Maf4] has
shown that these compositional ranges consist of a series of discrete phases having an x-ray diffraction
pattern dominated by a cubic [J ReO,-type (DO,) subcell, but exhibiting superlattice lines. The super-
lattice of any discrete phase is not due to an ordering of anion vacancies within this basic structure, but to
a regular interruption of the DO, structure by planes of discontinuity across which octahedra share edges
rather than corners. In these structures the oxygen vacancies condense into regularly spaced planes and
are then eliminated by a shear displacement of the type shown schematically in Fig. 22. These “‘shear‘
planes may be constituted in different ways: For the series of phases B, Oy, —,, six octahedra in a group
share edges, and for the phases B,0,,—, groups of four octahedra share edges. In both cases the discon-
tinuities continue in two dimensions throughout the structure where they separate DO, blocks n octa-
hedra thick. The B-WO,_, phases, 0.10 < x < 0.17, belong to the series B,O,,—, with 12 < n < 20.
The observed compositional range (W, Mo)O,_,, 0.07 < x < 0.12, contains six discrete B,O;,-, phases
corresponding to n = 8,9, 10, 11, 12, and 14 [Maf7a). The origin of the shear planes appears to be an
interplay between electrostatic and elastic forces: Electrostatic repulsive energies between B cations
sharing common octahedral-site edges is minimized by cationic displacements (of ferroelectric type) away
from the center of symmetry of the interstice and the shared octahedral edge. These displacements can be
cooperative, costing a minimum of elastic energy, if the shared edges are coplanar. The origin of the

although collective-electron effects [Go77] probably play a contributing role.

3.2.3 Structures deficient in B cations

3.2.3.1 Bismuth compounds

Bismuth compounds with chemical formula (BiyA,_,)B,_,0,, have the structural formula
(B1,0,)2+ (Ay=1BnOsnt4)?~, # = m — 1. These compounds consist of a regular intergrowth of the perov-
skite structure with Bi,0, sheets consisting of BiO, square pyramids sharing edges [A%2], as indicated in
Fig. 23. Between the Bi,0, sheets are » layers of corner-shared octahedra and (n — 1) layers of perovskite-
type A cations in the twelve-coordinated interstices. Where n = 1, the pyramidal sheets alternate with

-
]
o:
|

B s
X O
[ Q
(
A
T 5
a . 4
Fig. 22. Projection onto (001) planes of a) cubic [ JReQ, LS 3
structure and b) B,O,,_, shear plane. Anions are removed C
from black octahedra, which then move to adjacent positions 4
to form configuration b) {Wa7]. 7
g

-
Fig. 23. One half of the pseudo-tetragonal unit cell of Bi,Ti,O,, (from 2z =~ 0.25 e
to s ~ 0.75). A denotes the perovskite layer (Bi,Tiy0,,)*, C the (Bi;0,)** layers,
and B the unit cells of the hypothetical perovskite structure BiTiO, {Au3]. e el QOO0

regular spacing between planes is not established. Presumably it is primarily due to elastic energy,

192 Goodenough/Longo
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275 Ref. p. 275] . 3.2 Perovskite-related structures

single octahedral layers, and no sites are available for A cations. This particular phase has been prepared
ce- in a large number of oxides and oxyfluorides, where B = Ti, Nb, Ta and the O/F ratio depends upon the
ion valencies of the A and B cations (see Tab. 4).
tri- Many of these compounds are reported to exhibit ferroelectric distortions within the perovskite
layers, and they will certainly be important for technical applications in the future.
3.2.3.2 Hexagonal A,B,_ X, structures
has As shown in Fig. 1(c), the cubic perovskite may be indexed on an hexagonal basis. It consists of cubic
ion stacking of close-packed AX, layers with B cations in the all-anion octahedral interstices. Within a (110)
er- plane, B-cation octahedra share common corners as shown schematically in Fig. 3(a). In the BagTa, 04
“to structure [Ga5a], the stacking sequence of the AX, layers isa-b-c-b-c-a, as shown in Fig. 24, and the B-cation
: es vacancies are where the stacking is hexagonal. Thus the structure consists of perovskite blocks n AX,
gm d layers and (» — 1) B layers thick, separated by a stacking fault at a layer of B-cation vacancies. These
10+ hexagonal structures appear to be stabilized where the tolerance factor is > 1.
np 3.2.3.3 AX - (ABX,), structures
on- . Materials having compositions intermediate between ABX,; and A,BX; may have similar diffraction
ta- patterns. However, this compositional region contains several phases having the structural formula
20. AX - (ABX,),. Each phase contains perovskite sheets » units thick separated by AX (NaCl-type) sheets.
Ses The limiting composition A,BX,, corresponding to n = 1, is shown in Fig. 25. It is important for the
an theory of magnetism because, if A is nonmagnetic, then by symmetry there is no net molecular field within
ons an antiferromagnetic layer from cations in adjacent antiferromagnetic layers. This permits the study of
ay two-dimensional antiferromagnetism. The A,BX, structure also permits the study of B2+ cations in oxides
.be with a smaller B-X-B separation (hence stronger interaction) than is found in the BO compounds with
the rocksalt structure. The possible significance of this is illustrated by La,NiO,. The Ni** electrons of ¢,
gyy symmetry appear to be collective in La,NiO,, localized in NiO.
OA
ula e §
ov-
lin
ite-
ith
)
Fig. 24. Schematic (110) projection of the Ba,Ta,0,; struc- !
ture. Horizontal lines refer to BaO, close-packed layers with . AB’\S '4! BX#
) stacking a, b, or . Fig. 25. Comparison of ABX; and A,BX, structures [Tr1].
3.2.4 Data: Crystallographic properties of non-ABX; compounds of composition A,BX,,
0BX;, (AX),(ABX),, and Bi,Oy4(A,_;B,0,,,,) with perovskite-related structure (Tab. 4)
1A Tab. 4.
§ See Fig. 20(a) for the tetragonal I bronze structure with a~ 12.5 A, c~ 4 A
¥ and Fig. 20(b) for the hexagonal bronze structure with a~ 7.4 A, c~ 7.5 A,
3 Within any section, the compounds are ordered by B-cation atomic number, and the order of the
12 sections is as follows:
7 Tab. 42 — A,;BX,
0 A;BOg; B = Nb, Mo, Ta, W, Re
A, FeF,
Tab. 4b — ] BX,
) Tab. 4¢ — [0 BB'X,
Tab. 4d — (AX),(ABX,)m
1 X = F~1, CI!; B*+ = Mg, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd
X = 0"%; B = Al, Tj, Cr, Mn, Fe, Co, Ni, Cu, Ga, Ge, Zr, Nb, Mo, Tc, Ru, Rh, Sn, Hf, Ir, Pb, U
Tab. 4¢ — Bi,Op(A,_,B;Osp+,)
n=1, B=Mo W n =2; B=Nb, Ta n =23, B=NDb,Ti n=4¢>5and 8; B=Ti
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3.2 Perovskite-related struct@s
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3.2 Perovskite-related structu@

Ref. p. 275]
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[N Fig. 882. Bi,Ti,0,,. Schematic drawing of crystal structure,
One half of the pseudotetragonal unit cell from 2 =~ 0.25 to
5 =~ 0,75 is given. 4 denotes the perovskite layer Bi,Ti,0%7,
2 denotes a unit of hypothetical perovskite structure BiTiO,
Qb el O 0 and C denotes (Bi,0,)** layers {62515],
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ture. One half of the pseudotetragonal unit cell from s a 0.25
to 5 ~ 075 is given. A denotes the perovskite layer
BaBi,Ti;0{3, £ denotes a unit of hypothetical perovskite
structure (Ba, Bi)TiO,, C denotes (Bi,0,)** layers [62515].
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Fig. 896, B2,B{Ti,0,. Schematic drawing of the crystal
structure. One half of the tetragonal unit cell from 5 = 0 25
to ¥ = 0.75 is given. A denotes tbe perovskitic layer of
Ba,Bi,Ti,01;, B denotes a unit cell of the hypothetion
perovskite structare (Ba, Bi)TiO,, and C denotes tpe layers
of {Biy0,)** [6245].
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In re Patent Application of Date: March 1, 2005

Applicants: Bednorz et al. Docket: YO987-074BZ
Serial No.: 08/479,810 Group Art Unit: 1751
Filed: June 7, 1995 Examiner: M. Kopec

For. NEW SUPERCONDUCTIVE COMPOUNDS HAVING HIGH TRANSITION
TEMPERATURE, METHODS FOR THEIR USE AND PREPARATION

Commissioner for Patents
P.O. Box 1450
Alexandria, VA 22313-_1450

FIRST SUPPLEMENTAL AMENDMENT

Sir:

In response to the Office Action dated July 28, 2004, please consider the

following:
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level-headed

— 448 —

ne Flache; (gleiche) Hohe, Niveau
n, Stand m; fig. Mafistab m; Was-
‘serwaage f; sea ., Meeresspiegel m;

Heu [ljuz]: in o of (an)s —
lieutenant [lef'tcnant) ;»t;.nfe-

Am. lu:'tenant] Leut oo
on the . F offen, aufrichtig; 3. v/z. halterm,.«-commam‘il:nrznﬁsmf ngen f’ﬁ"
gleichmachen, ebnen; fig. anpassen; tenkapitin sm. Orvet ern ha
richten, zielen mit; .. up erhdhen; life [laif], pl. lives [laivz) Lebeq “’, gwie g
v/i. . at, against zielen auf (acc.); Menschenleben n; Lebensbesch,n on

~~headed verniinftig, niichtern.
lever ['li:va) Hebel m; Hebestange f;
~age [orid3] Hebelkraft f.
Jdevity ['leviti] Leichtfertigkeit f.
levy ['levi] 1. Erhebung f von Steu-
ern; % Aushebung f; Aufgebot n;
2. Steuern erheben; 3 ausheben.
lewd O [lu:d] liederlich, unziichtig.
Hability [lais'biliti] Verantwortlich-
keit f; sf Haftpflicht f; Verpflich-
tung f; fig. Hang m; liabilities pl.
Verbindlichkeiten f/pl., 4+ Passiva

bung f; for . auf Lebenszeis.

one’s ., for dear . ums (liebe) [

ben; to the . naturgetre

strafe; ~ assurance Lebengy,

sicherung f; .belt ['laifbely) Rg: 3

tungsgiirtel m; .boat R
boot n; ~-guard Leibwache f
Badewirter m em Strand; insur.
ance Lebensversicherung £, .

jacket & Schwimmweste f; .Jogq.

0O ['laiflis] leblos; matt (a. fig))
~-like leberiswahr; ~long lebens:

tence lebenslingliche 2: éh'v’ sen- '

1.
able [J ['laisbl] verantwortlich;
haftpflichtig; verpflichtet; ausge-
setzt (to dar.); be . to neigen zu.
liar (‘'lais) Ligner(in).
1ibel ['laibal} 1. Schmahschrift f;
Verleumdung f; 2. schmihen; ver-

linglich; ~-preserver Am, ['Iaif-
priza:va] Schwimmgiirte} m; Tot X
schlager m (Stock mit Bleikopf),
1iF¢ (01 1, Beben 2 :
i ift] 1. Heben n; phys., uf~
trieb m; fig. Erhebung f; Fk Aut

A Rt gt e,

Exat

T T

r pfen.
liberal ['libsral] 1. O liberal (a.
. pol.); freigebig; reichlich; freisin-
nig; 2. Liberale(r) m; ity [lib>-
'reeliti} Freigebigkeit f; Freisinnig-
.keit f. .
- liberat|e ['libareit] befreien; frei-
lassen; ~ion [liba'reifon) Befreiung
- f; ~or ['libareita] Befreier m.
libertine {'libs(:)tain] Wiistling m.
liberty ['libsti] Freiheit f; take
liberties sich Freiheiten erlauben;
be at ., frei sein.
librar])ian [lai'brearian] Bibliothe-
kar(in); ~y ['laibrori] Bibliothek f.
lice {lais] pl. von louse. ’
licen|ce, Am. .se ['laisans) 1. Li-
zenz f; Erlaubnis f; Konzession f;
Freiheit f; Zigellosigkeit f; driving
~ Fuhrerschein m; 2. lizenzieren,
berechtigen; ez. genehmigen; .see
[laisan'si:} Lizenznehmer m.
licentious OJ [lai'senfas] unziichtig;
ausschweifend.
lichen §, ¢ ['laikon) Flechte f.
lick [lik] 1. Lecken n; Salzlecke f;
F Schlag m; 2. (be)lecken; F ver-
‘dreschen; tbertreffen; . the dust
im Staub kriechen; fallen; geschla-
- gen werden; ., into shape zurecht-
stutzen.
licorice ['likaris] Lakritze f.
lid [lid] Deckel m; (Augen)Lid n.
liel [lai] 1. Liige f; give s.o0. the .,
j-n Ligen strafen; 2. ligen.
- lie? [.] 1. Lage f; 2. [irr.] liegen; . by
still-, brachliegen; ., down sich nie-
derlegen; . in wait for j-m auf-
lauern; let sleeping dogs .. fig. daran
. rihren wir lieber nicht; .-down

[lai'd@aun] Nickerchen n; ~-in: have
" a ~ sich griindlich ausschlafen.
-lien gi ['lian} Pfandrecht n.

m; give s.0. a . j-m helfen; j-n
Auto) mitnehmen; 2. vfe, ’(a,mf)(];u;

ben;erheben; beseitigen; s, Klauen, 3

stehlen; v/:. sich heben.

ligature [ligstfus] Binde f; g

Verband m

light! [lait] 1; Licht n (a. fig); Fen- 3
ster_n; Aspekt m, Gesichtspunkt §
m; Feuer n; Glanz m; fig. Leuchte "§

u

J3 ~s pl. Fahigkeiten f/pl.; will yo
give me a ~ darf ich Sie um Feuer

bitten; put a « to anziinden; 2. licht, .

hell; blond; 3. [irr.) vlt. ofs . up
be-, erleuchten; anziinden; ofi,
mst ., up aufleuchten;  out Am. g
schnell losziehen, abhauen.

ist (doch}
'F bis z1
grenzen
; ~ation
3 f, Besch
s Verjahr

S

light? [J] 1. edi. O u. adv. leicht 4

(a. fig.); ~ current # Schwachstrom

m; make . of et. leicht nehmen; 3
2. ~ (up)on stofien od. fallen auf
(acc.), geraten an (acc.); sich nieder-

lassen auf (dat.).

lighten ['laitn] blitzen; (sich) erhel- =}
len; leichter machen; (sich) er-

leichtern. -

lighter ['laito] Anziinder m; (Te-

schen)Feuerzeug n; & L{e)ichterm.

light|-headed ['lait'hedid] wirr im . 3

Kopf, irr; ~~hearted (O [.'hactid]

leichtherzig;  fréhlich;
['laithaus] Leuchtturm m.

~house

lighting ['laitip]’ Beleuchtung f; -
Anziinden n. .
light|-minded['lait'maindidjleicht-

sinnig; ~ness ['laitnis) Leichtigkeit
l{ s Leichtsinn m.

ghtning ['laitnig] Blitz m; . bug

Am. zo. Leuchtkéfer m; ~~conduc=
tor, ~~rod # Blitzableiter m.
lif:lit-welgl_xt ['laitweit] Sport

ch ch .
like {laik] 1. gleich; dhnlich; w'ie;
such o dergleichen; feel ~ 3 sxch
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